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pH of effluent from a water-softener. 1 ; 
worthy because water works may use it in processing. 


FOR DEPENDABLE pi CHECKING 


Using an L&N pH Indicator in lab of Zeolite Chemical Co., to check 
This pH value must be trust- 


USE THIS LEN PORTABLE pHi INDICATOR! 


Shown above is a pH Indicator intended for 
just one purpose—giving results which are de- 

endable. Extreme dependability isn’t easy to 

uild into a pH instrument which may be used 
either in damp, cool labs or in hot, muggy ones; 
and which will last for years. Here are some 
important constructional features which enable 
this Indicator to give such performance: 


1. The instrument is so well shielded from elec- 
trical disturbances that it retains its full accuracy 
of +0.1 pH even when ambient relative humid- 
ity is 95 and temperature is 85 F (30 C). 


2. Temperature’s effect on pH is compensated 
by setting a dial; no computations. 

3. Dry cells are in their own compartment, where 
they can’t corrode wiring, etc. 


4 Slogan For Every American 


Jrl Ad E-96(20a) 


LEEDS & NORTHRUP COMPANY, 4978 STENTON AVE., 


And here are some operating features which 
make it easy for anyone to use this Indicator: 


1. The scale is long and “open” for quick 
reading. 


2. Electrodes are filled and sealed at our fac- 
tory, and are highly stable. 


3. In running titrations, the Indicator’s double 
range of 0-8 pH and 6-14 provides a 2-pH over- 
lap which is particularly useful. Electrode ar- 
rangement is also very convenient for titrations. 


This Indicator is moderately priced for quality 
at $160.00. It comes complete with directions 
and with everything necessary for measuring pH. 
If you wish complete details ask for Catalog 
E-96(2), free on request. 


PHILA., PA. 


LEEDS & NORTHRUP 


MEASURING INSTRUMENTS . TELEMETERS . AUTOMATIC CONTROLS « HEAT-TREATING FURNACES 
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RADIO, SOUND AND COMMUNICATIONS EQUIPMENT? 
Vibrati ion Pick-ups 


Chucks” 
‘Magnetic 
Magnetic Clutches 
Magnetic D 


F YOU make any of the above products, it will pay you to find 

NEW! out how better permanent magnets can improve efficiency and 
Get your copy of : . 

this velushle, upeo-tho-anie- reduce costs. Put your design, development or production problems 

ute manual on the design, up to The Arnold Engineering Company. Arnold engineers have 

— 1 geome been of great assistance to many manufacturers and are at your 

nent magnets. Write us,on —_— service to advise exactly what Alnico permanent magnet will solve 


your company letterhead, 
soday. your particular problem. 


‘Specialists in the ALNICO. PERMANENT 
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POWER RHEOSTAT 


Here’s a power rheostat with a short past but a long 
future. Rugged in construction, light in weight and 
i neat in appearance, it conforms in every respect to 
‘ Army-Navy AN3155 specifications. It embraces all 
the features of IRC’s well-known rex and PR50 
rheostats. 

Both the winding core and-housing, of this com- 
pletely sealed unit, are of aluminum to effect.greater 
heat dissipation. To still further aid this important 

AN3155 characteristic the housing is coated with a special 
heat-radiating finish developed by the IRC Research 
Staff. As a result the AN3155 generates a maximum 
temperature,rise of only 170° as against an allow- 
able 300°. Another feature of interest is the fact 
that the AN3155 can be operated < at full power load 
in as lowas.25% rotation. 

Available in 25 or 50 watt ines with either 
linear or tapered windings, the IRC AN3155 should 
find many useful post-war applications in the gvia- 
tion industry. 

Technical data and further information wil be 
sent on request. 


AN3155 
25-watt; 
showing terminal 
positions 


CO. 


401 N. Broad St., Philadelphia 8, Pa. 


IRC makes more types of resistance units, in more shapes, for more applications thatiany other aprvtoctorer in the world. 
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S Final amplifier of typical P. A. A. 
ground station showing Eimac 
2000T tube, Eimac Vacuum Con- 
densersand Eimac RX 2 I rectifiers. 


Write for your copy of Elec. 
tronic Telesis—a 64 page book- 


| det fully illustrated — covering 
| fundamentals of Electronics 
| gnd many of its important 


applications. Written in lay- 
man's language. 


EITEL- McCULLOUGH, INC., 947 San Mateo Ave., SAN BRUNO, CALIF 


PLANTS LOCATED AT: SAN BRUNO, CALIFORNIA AND SALT LAKE CITY, UTA 
Export Agents: FRAZAR & HANSEN, 30r Clay Street, San Francisco, California, U. S. A. 


Pan American World Airways, which has done 
so much to advance the war-time goals of the 5 
nation, has just announced a plan for a new 
service to South America. Employing a fleet of 
stratosphere planes, carrying 108 passengers, 
flying at more than three hundred miles an hour, 
Pan American proposes to take travelers from ' 
New York to Rio de Janiero in less than twenty 
hours instead of the present sixty-six hours, ; 
charging $175 for the trip, as against the cur- 
rent rate of $491. 


Pan American Airways and all its associated © 
and affliated companies, which comprise the 
P. A. A. World System, have been using Eimac 
tubes in the key sockets of all ground sta- 
tions for a number of years. | 

Because of the extensive operations of 
Pan American World Airways, these tubes 
have been subjected to about every test pos- 
sible — altitudes; ground level; extremely 
cold climates and high temperatures found, 
at the equator; conditions of high and low 
humidity; and in some instances, when new 
bases are being built, perhaps somewhat try- 
ing power conditions. The high regard 
which P. A. A. engineers have for Eimac’ 
tubes is clearly evidenced by their continued f 
and more extensive use, as the years roll by. 

The fact that Eimac tubes are the numbe 
one favorite of the commercial airlines i 
important evidence to substantiate the o 
repeated statement that ‘‘Eimac tubes ar 
first choice of leading electronic enginee 
throughout the world.” 


Follow the leaders to 
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THE HARVARD Books 
On ASTRONOMY 


Edited by Harlow Shapley and Bart J. Bok 
Harvard College Observatory 


GALAXIES—Harlow Shapley 


A study of galaxies and the spaces now 
reached by the huge new photographic tele- 
scopes. 126 Illus. $2.50 


ATOMS, STARS AND NEBULAE— 
Leo Goldberg and Lawrence H. Aller 
A probe into the seething atmospheres of 


stars and ever into their interiors. 150 


Illus. $2.50 


BETWEEN THE PLANETS— 
Fletcher G. Watson 
A new study of comets, meteors, asteroids, 


and meteorites describing latest discoveries. 
Important unexplained problems are con- 


EARTH, MOON AND PLANETS— 
Fred L. Whipple 


A journey below the clouds on Venus, Mars, 
and the giant red planets, into the earth and 
on the surfaces of the Moon, Mercury, and 
Pluto. 140 Illus. $2.50 


THE MILKY WAY—-Bart J. Bok and 
Priscilla F. Bok 


A study of the vast spaces between stars, 
star clusters, and problems related to the 
future of our galaxy. Large scale photo- 
graphic maps are employed. 93 IIlus. 
$2.50 


THE STORY OF VARIABLE STARS— 
Leon Campbell and Luigi Jacchia 


The technique of observation and howto 
analyze our knowledge of variable star. 
List of variables, a Julian calendar, and 


sidered. 106 Illus. $2.50 other tables are included. 82 Illus. $2.50 


HACKH-GRANT’S Chemical Dictionary 3rd Edition (1944) 
By Julius Grant, M.Sc., Ph.D., F.R.I.C. 


A listing of more than 57,000 chemical words with concise, intelligible definitions based upon the 
latest research findings and newer concepts of the phenomena of science and the methods of con- 
necting these phenomena with each other. It includes the collateral vocabulary of physics, astro- 
physics, geology, mineralogy, botany, zoology, medicine, pharmacy, and the pertinent jargon of 
industry, mining, and commerce. The book gives a'clear account of the theories, rules, and laws 
of chemistry; describes the elements, compounds, drugs, minerals, vegetable and animal products; 
lists concisely the reactions, processes, and methods; describes apparatus, equipment, instruments, 
and includes names of investigators who have built up the science. 217 Illus., 925 Pages. $12.00 


Send and charge my account, the following books. BOOKS WANTED ~W0w 
Address... 
J.A.P. 12-44 


THE BLAKISTON COMPANY, Philadelphia 5, Pa. 
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FOR FAST, ACCURATE ANALYSES... 


Use “National” Spectroscopic Graphite 
and Carbon of Known High Purity! 


For FAST, accurate work in critical qualitative and 
quantitative analyses, your spectroscopic carbon 
and graphite must possess high purity. 

Our Research Laboratory has achieved a major 
advance in devising methods of producing carbon 
and graphite of purity equaled by no other manu- 
facturer. 


As a result, “National” Special Spectroscopic Elec- 
trodes — either of carbon or graphite—contain no 
detectable ash under ash determinations of greatest 
sensitivity. 

To tell users exactly what impurities are present, 
a Statement of Purity form... giving qualitative 
estimate of the relative intensity of most sensitive 
lines present...accompanies each lot of “National,” 
Cellophane-wrapped, boxed electrodes and each 
sealed bottle of spectroscopic graphite powders. 


“National” Special Spectroscopic Electrodes, and 


NATIONAL CARBON COMPANY, 


Spectroscope at Sperry Gyroscope Company, 
Inc., where ‘“National’’ Special Spectroscopic 
Electrodes control the D.C. arc for critical 
analysis of alloys before casting. Daily opera- 
tion may also include special jobs, research 
and development, and routine control work 
on materials. 


“National” Regular Spectroscopic Electrodes—slightly 
less pure and at lower cost —are packaged under 
rigid laboratory control. 

There are two standardized grades of “National” 
Special Spectroscopic Graphite Powders: Grade SP-1, 
designed especially for forming pellets, and Grade 
SP-2, for use in powder form only. The purity of 
these powders equals that of the special electrodes. 


The word “National” is a registered trade-mark of 
National Carbon Company, Inc. 


KEEP YOUR EYE ON THE INFANTRY 
... THE DOUGHBOY DOES IT! 


INC, 


Unit of Union Carbide and Carbon Corporation 


General Offices: 30 East 42nd Street, New York 17, N.Y. 
Division Sales Offices: Atlanta, Chicago, Dallas, Kansas City, New York, Pittsburgh, San Francisco 


Please mention JOURNAL OF APPLIED PHYSICS when writing to advertisers 


sh vi December, 1944 

pve 

5 

— 

4 


December, 1944 Vii 


THIS ALL-PURPOSE INFRARED 
SPECTROMETER 


with Recorder and Amplifier* My 


The new Perkin-Elmer recording Infrared Spectrometer provides 
a method for the direct identification of characteristic functional 
groups in complex molecules, replacing a multiplicity of specific 
chemical tests. Unique “fingerprints” of molecules obtained by this 
method—their complete infrared spectra—give positive compound 
identification. The instrument’s photometric accuracy makes pos- 
sible quantitative analyses of many complex mixtures and direct 
comparisons with known calibration standards. 
*The recorder and amplifier can be obtained separately or mounted os 
with the spectrometer in a single cabinet that can be set up in any SPECIAL FEATURES 
laboratory where water and power are available. Pen and ink rec- reg : 
ords of spectra are obtained directly on the eleven inch width strip © Equipped for gas, liquid, or solid sam- 
ples; vapor path up to so cm. available 
chart. They are illustrated in the sample spectrum of the 6 micron 
water vapor absorption band at the right, made with these accesso- @ Simple prism mounting for easy inter- 
ries and a rock salt prism. The charts are accurate enough for pre- change of prisms. 
cise intensity and wave length measurements and also serve as © Grouped controls. 
permanent records that may be remeasured at any time to deter- @ Compact (12” x 31” x9"), sturdy de- ¥ 
mine additional information. The amplifier used in place of the sign; airtight covers to permit re- F 
‘ duction of atmospheric interferences. 
galvanometer is available only to those working directly or in- © Optics) speed 
directly on Government contracts. 60x75 mm.; off-axis parabolic’ colli- 
At your request, we will gladly send you further information about gs gel 
@ Precise optical parts for high reso- 
the advantages of infrared spectroscopy and the Perkin-Elmer re- alias 
cording Infrared Spectrometer. @ Multispeed wave length drive. ve 
e@ Accurate, adjustable correction of wave t 
length scale for temperature changes. 
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BECKMAN PHOTOELECTRIC 


QUARTZ SPECTROPHOTOMETER 


A self-contained, precision instrument with quartz prism, operating on an electronic circuit, for 
the rapid measurement of percentage transmission and density 


A, Wavelength Scale; B, Built-in 

Electronic Indicating Meter; C, Slits; re G H J K 
D, Light Source; E, Phototube Com- F ? 

artment; F, Absorption Cells in 


lolder ; G, Filter Slide; H, Cell Compartment; J, Phototube Selector; and K, Switch for dark current. 


QUARTZ SPECTROPHOTOMETER, Beckman Photoelectric. See Cary and Beckman, “A Quartz Pho- 
toelectric Spectrophotometer,” Journal of the Optical Society of America, Vol. 31, No. 11 (Nov., 1941), p. 682. 


Morochromator. Autocollimating type, with 30° Electronic Indicating Meter. A _ built-in potenti- 
quartz prism of selected crystal which provides ometer and electronic amplifier makes possible di- 
high dispersion in the ultra-violet. Wavelength rect readings in percentage transmission and den- 
scale approx. 100 cm iong, graduated from 200 sity, Switch position “0.1” provides a ten-fold ex- 
mmu to 2000 mmu, readable to 0.1 mmu in the pansion of the transmission scale for more accurate 


ultra-violet and to 1.0 mmu in the red, with scale readings on solutions below 10% transmission. 
accuracy of 1 mmu. Optical parts rigidly mounted 


in massive heat-treated iron block within dust- Sample Holders. Cells are accommodated in a re- 
proof steel case. movable holder in light-tight compartment H oper- 
ated from the front of the instrument. Cells and 
Slits. Protected by quartz windows, with stray holders are available for 10, 20, 50 and 100 mm 
light effects reduced to a minimum. Simultane- liquid lengths. An Attachment is now available 
ously and continuously adjustable from 0.01 to 2.0 for measuring diffuse reflectance of opaque samples. 
mm by precision mechanism. Full scale reading 
with nominal band width less than 2 mmu over all Phototubes. Two phototubes are furnished and a 
but extreme ends of spectrum. sliding rod brings either into position. 


9101. Quartz Spectrophotometer, Beckman Photoelectric, Model D, range 320 to 1000 mmu. Consisting 
of monochromator with quartz prism and two slits, built-in electronic meter, 6-volt tungsten 
lamp in detachable housing, one each caesium-oxide and biue-sensitive phototubes, and holder 
with set of four Corex glass absorption cells, 10 mm. With dry cells for operating the meter, 
but without 6-volt storage battery for operating the tungsten lamp and electronic tubes 1764.00 


Ditto, Model DUV, range 220 to 1000 mmu, identical with above but with ultraviolet-sensitive photo- 
tube and accessories for far ultra-violet consisting of one pair of fused silica absorption cells, 
10 mm, hydrogen discharge lamp with housing, and power supply unit, 110 volts, 50/60 cycles, 
for maintaining the discharge at constant intensity 1,052.00 


9102-T. Diffuse Reflectance Attachment, for enearns diffuse reflectance of opaque samples in -relation to the 
reflectance of magnesium carbonate or other standard material. For attachment to end plate of 
monochromator. Takes samples 11-inch diameter or 24% K1%X1% inches thick ..... 200.00 


Copy of 7-pp. detailed description sent upon request. 


9101-B. 


INFRA-RED PHOTOELECTRIC SPECTROPHOTOMETER. Information also available 
regarding a new Infra-Red Model, range to 15 microns, for gases, liquids and solids. 


ARTHUR H. THOMAS COMPANY 


RETAIL—WHOLESALE—EXPORT 


LABORATORY APPARATUS AND REAGENTS 


West Washington Square Philadeiphia 5, U.S. A. 
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Photo Courtesy Boston Gear Works 


MEASURE SPEED 
and STUDY MOTION 


WITH THE STROBOTAC you can see any part of a 
machine in s-l-o-w motion . . . as slow as a fraction of an 
rpm if desired ... while the machine is running at its 
normal speed! No mechanical connection between the 
equipment under observation and the STROBOTAC is 
required. 

You can ‘stop’ motion in machinery and measure its exact 
speed to an accuracy of one per cent; then you can make 
it go through its paces running either forward or back- 
ward so that you can see any misadjustments, worn 
parts, slippage or other mechanical troubles. 


SIMPLE 


The STROBOTAC has proven invaluable to thousands 
of designers, research engineers, maintenance men and 
salesmen . . . it can help YOU in designing equipment 
and in keeping it running. The price? Only $95.00, 
complete and ready to use. 


STROBOTACS are being manufactured only for the war 
effort at present. If yours is an urgent war need, you 
can obtain the necessary allocation from the W.P.B. 
After the war, STROBOTACS and other G-R strobo- 
scopic equipment will again be available 

generally to help keep the wheels of In- 

dustry turning. 


For Complete Information WRITE FOR BULLETIN 904 


GENERAL RADIO COMPANY 


Please mention JOURNAL OF APPLIED PHYSICS when writing to advertisers 


4 
14,400 rpm, 
or by simplecon- 
7 
to 
BA 
| 
4 


December, 1944 


UNUSUAL WAR BARGAINS 
LENSES PRISMS 


e Com- 
prisms 
Now that we are getting 


For a of the Edmund Salv 
pany has been selling seconds in lenses an 
principally to amateurs. 


a wide variety of War Surplus optical items which 
we can offer at extremely low prices, we urge a 


WAR SURPLUS ACHROMATIC LENSES 


careful examination of our availabilities by colleges, 
researchers and all individuals interested in optics. 
satisfaction on all items pur- 
chased. 


TANK PRISMS 


In order that the tank driver shall not get shot in 
the face, two of these Silvered Prisms are used to 
make a periscope (without magnification). We have 
secured a number of these that are very slightly 
chipped, making possible their sale at a very low 
price. They are 90-45-45 degree prisms of huge 
size—5 34" long, 2%” wide, finely ground and 
polished. 


Stock #3004-R ... SILVERED TANK PRISM 
—Price $2.00 each Postpaid 


We supply 100 gold letters for 5¢ to turn one of these Silvered 
Tank Prisms into a desk nameplate in 5 minutes of easy work. 
An ideal gift item for the scientific-minded. 


Stock #3005-R...PLAIN TANK PRISM— 
Price $2.00 each Postpaid. This one is excellent 


Dia. in Focal for projecting all the colors of the spectrum—a 
Stock No. Mms. Length Comments Price beautiful sight. 

6016-R *12 80 mm. Uncemented 30¢ 
O17-R *12 80 mm. Cemented 50¢ FOUR TANK PRISMS—Special—$7.00 Postpaid 
6018-R *15 41 mm. Uncemented 40¢ ‘ 
6019-R “15 son. Conshial 60¢ . This is the most sensational bargain we have 
6020-R *18 49 mm. Uncemented 5O¢ ever been able to offer. 
6021-R *18 49 mm. Cemented 60¢ 

22-R °25 95 mm. Uncemented 50¢ OBJECTIVE LENSES from Gov.7 power bin- 
6023-R °25 95 mm. Cemented 75¢ ocular . 
6024-R *25 11 inches Uncemented 60¢ P 
6025-R "25 11 inches Cemented 75¢ Stock #6063-R. Unedged and uncemented. Dia. 53 to 
6028-R *30 64 mm. Uncemented 7 56mm. Price 75¢ Postpaid. - 
6029-R *35 60 mm. Uncemented 7 Stock #6064-R. Edged and uncemented. Dia. 52 mm. 
6030-R "36 171 mm. Uncemented , 7 Price $1.75 Postpaid. 
6032-R *36 178 mm. Uncemented 70¢ Focal length of this achromatic objective is 193 mm. 
6033-R "37 51 mm. Uncemented 70¢ 
6034-R 38 178 mm. Uncemented 70¢ PORRO ABBE PRISMS 
6036-R 39 51 mm. Uncemented 70¢ H 


Free Cement and Directions included with all uncemented sets. 


* Definitely available with magnesium fluoride low reflection coating. 
Coated lenses will be priced at 10¢ more than the prices shown above. 


If you want coated lenses, mark “coated” after stock number and include 
10¢ extra. 


KELLNER EYE-PIECE LENS SETS 


Size 9 mm.x17 m - + another war bargain. 
price would be 10 e > 20 times above quotation. 


Normal 
RIFLESCOPE LENSES 
Set #2000-R $11.00 Postpaid 


5 achromats matched by manufacturer. Cemented, ready for 
construction of fine 344 power ’ which would retail up 
to $50.00. A rare opportunity! F it instructions included. 


LENS SET—#10-R—60 lenses . $10.00 Postpaid 


Focal Length 27.5 mm. Uncemented and U —T5¢ 
Post 


tpaid. Uncemented and Edged—$1.25 Post Contains a wide variety of simple lenses and a few achromats. 


SEND ORDERS TO: 


-EDMUND SALVAGE COMPANY- 


27 W. CLINTON AVENUE » DEPT. 17, P.O. AUDUBON, N. J. 
Please mention JOURNAL OF APPLIED PHYSICS when writing to advertisers 
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NEW -hp- AUDIO 


3 OUTSTANDING NEW FEATURES: 1. ACCURATE CONTROL DIAL 


EASY TO READ « NO PARALLAX 


2. RUGGED CONSTRUCTION 
3. IMPROVED CIRCUIT 


The Model 200-1 is a resistance-tuned 
audio oscillator désigned to provide 
high stability and accuracy for use in pre 
frequency measurements. It has a range ee 
from 6 cps to 6000 cps} divided into six frequency 
ranges as follows: 6 to 20, 20 to 60, 60 to 200, 
200 to 600, 600 to 2000 and 2000 to 6000 cps. 
Each of these ranges has an individual frequency 
adjustment so that the instrument may be set to a 
frequency standard such as the -hp- Model 100-B. 

The large, 6-inch diameter, main frequency dial 
is calibrated over approximately 300 degrees, mak- 
ing possible a large number of calibrated points 
to cover the entire range. The dial itself rotates 


behind a fine wire locator which is visible through 
an opening in the panel. Parallax is completely 
eliminated and calibrations are spread over an 
effective scale length of nearly eight feet. Fast 
and extremely accurate settings are made easily 
with this dial. There are two manual controls: one 
direct action, and the second for vernier adjust- 
ments. An electronically regulated power supply 


is included to assure greatly improved stability. 

The Model 200-1 Audio Oscillator is but 
one among many new -Ap- instruments which are 
to make public appearance as the cloak of mili- 
tary secrecy is removed. Preliminary technical 
information is available on this instrument now 
... write for it! And watch for the early release of 
other new -Ap- instruments. 


*This frequency coverage was selected for interpola- 
tion work. Other frequency ranges can be supplied 
from 6 cps to 100 ke on special order. 


HEWLETT-PACKARD COMPANY 
= P.O. Box 930H Station A- Palo Alto, California 
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FOR 


RADAR + RADIO - TELEVISION 
INSTRUMENTS «+ BRIDGES 
DECADE BOXES + TRANS- 
FORMER TAPPING - PARALLELING 
RESISTORS AND CAPACITORS 
TAPPING INDUCTANCES 
similar 
exacting uses 


ahd dozens of 


SWITCHES 


in Special, Low Contact Resistance Designs 


Shallcross Switches are a natural out- 
growth of our own need for finely made, 
specially designed, low contact resistance 
units for a wide variety of exacting instru- 
ment and other applications. Solid silver 
contacts and contact arms assure highest 
conductivity, avoid danger from wear, and 
guard against corrosion. Up to 180 contacts 
can be supplied on a single switch. Single 
or multiple sections as required. Although 
many standard types are available, most 

switches supplied by us are special adapta- 
ANTI-MOISTURE tions or unique designs to meet special 
ANTI-FUNGUS needs. WRITE! Send today for technical 
Special treatment with literature on Shallcross switches. Put your 
materials to meet Signal »roblems up to Shallcross switch engineers 


able when sequeved for quick, economical, efficient solutions. 


SHALLCROSS MFG. CO. 


DEPT. P-124, COLLINGDALE, PA. 


ENGINEERING + DESIGNING 


“Please mention JOURN AL OF APPLIED PHYSICS when writing to advertisers 


a 
2G] 
. 
| 
a4 
| 


December, 1944 Xili 


McGraw-Hill 


THEORY AND APPLICATIONS OF 


New second edition Si 


By HERBERT J. REICH, Professor of Electrical Engineering, University of Illinois; on leave to 
the Radio Research Laboratory, Harvard University. 716 pages, 5} x 8%, 658 illustrations. 


$5.00 
In this thorough revision of an outstanding text, the author assembles and coordinates present ile | 
knowledge of the theory and application of electron tubes. The basic principles are applicable to x 


radio engineering problems, as well as to industrial electronics, power control, electrical measure- ‘ 
ments, and other fields of use. The new edition brings the book up to date as regards the more 
important developments of the past five years. 


THE ELEMENTS OF ASTRONOMY. New fourth edition 


By Epwarp ArTHUR FatTH, Professor of Astronomy, Carleton College. McGraw-Hill Astro- 
nomical Series. 382 pages, 6x 9, 253 illustrations. $3.00 


Widely used in colleges and universities for the past 18 years, this successful standard text has 
been revised to include new material accumulated since the publication of the third edition. The 
chapter on Other Galaxies has been entirely rewritten; a new chapter on the structure of the galactic 
system has been added. As before, the treatment is largely nonmathematical. 


GENERAL METEOROLOGY 


By Horace R. Byers, Professor of Meteorology, The University of Chicago. 645 pages, 
52 x 83, 298 illustrations. $5.00 


Although based on the author’s well-known Synoptic and Aeronautical Meteorology, this is virtually 

a new book, meeting the need for a general text embodying the fundamentals as well as the modern 

developments in synoptic meteorology. Recent advances include isentropic analysis, new forcasting 

uses of the upper-air pressure charts, modification of the Norwegian concepts from upper-air evi- a 
dence, behavior of the stratosphere in day-to-day weather, complete discussion of the latest infor- i 
mation on tropical cyclones, thunderstorms, etc. 7 


CLIMATOLOGY 


By BERNHARD HAuRwItTz and James M. AustIN, Associate Professors of Meteorology, Massa- 
chusetts Institute of Technology. 408 pages, 5? x 83, 37 illustrations, 17 maps. $4.50 


Intended primarily as an introduction to climatology for the meteorologist, this book stresses the 
physical causes of the climates and of the variations of the climatic elements in space and time. 
More than half of the book is devoted to a separate discussion of the climates of each continent 
and of the oceans, from the point of view of the weather forecaster. 


Send for copies on approval 


McGRAW-HILL BOOK COMPANY, 


330 West 42nd Street | New York 18, N. Y. 
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poEs THIS HARVEY “AMPLI-STRIP” 
Git Inte Your Picture? 


o It does if you need thoroughly dependable I-F and lent example of how the knowledge and experience 
ua AUDIO Amplification. The HARVEY “AMPLI-STRIP” gained by HARVEY through years of specialization in 
3 was designed and developed to provide a compact,con- the radio-electronic field results in practical, efficient, 
“ venient and practical Audio and I-F Ampli- reliable apparatus. 


Why not let HARVEY of Cambridge help 
you to bring to a successful solution any of 
the present or projected radio-electronic 


fier. Custom-made to meet your electrical 
characteristics. This tested and proved 
“AMPLI-STRIP” will meet your most ex- 


ee acting performance standards. OF CAMBRIDGE problems that may be troubling you? Just 
The “AMPLI-STRIP” provides an excel- get in touch with 

1 HARVEY RADIO LABORATORIES, INC. 

ie: 444 CONCORD AVE. - CAMBRIDGE 38, MASS. 


New HARVEY 


206 PA REGULATED 
POWER SUPPLY 


for Laboratory 


HARVEY 
UHX-25 


A 25-Watt 
General Purpose 
Radio Telephone 


. Transmitter 


D. C. Source— 


RANGE 500 
to 1000 VOLTS 


500 to 700 at 4 ampere 


Available for operation between 1.5 M. C. and 30 M.C. 700 to 1000 at .2 ampere 
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PRECISION AT 
2,000,000 


E ARE not going to tell you here 

why this tube was made, what 

it does, or what it is for. The important 

thing about it to you as a user of indus- 

trial X-ray tubes, and of oscillators for 

induction heating, is that it represents the 

toughest assignment ever handed the electronic industry, and 

that of all tube makers only Machlett perfected the techniques 
that made the tube possible. 


The tube is sealed-off, vacuum-tight, and operates at 2,000,000 
volts, direct current. These and other difficult conditions were 
essential to assure high and constant power, reduction of heat, 
and precise focusing of the electron beam. : 


Electrical and mechanical problems presented by the tube 
were so severe that some scientists doubted they could be 
solved, but Machlett, drawing upon its long experience, met 
every requirement in a little over two years. 


This is significant to you because every electronic tube, whether 
it ‘produces X-rays, or radio waves, or is a rectifier, depends 
for its success in your service upon correct design, proper 
vacuum, adequate insulation, and precision-made parts, to 
assure precise control of the electrons that make any such tube 
function. 


The perfection of this 2,000,000-volt direct-current ‘tube is the 
best proof we can offer of the value of the Machlett skills that 
go into the design and manufacture of every tube bearing our 
name .. . Machlett Laboratories, Inc., Springdale, Connecticut. 


RAY TUBES SINCE 1898 
TODAY THEIR LARGEST MAKER 
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with 
CERAMIC: INSULATED 
WIRE 


INSULATION 
BEFORE WIRE WOUND | 


A Major Resistor Improvement—Not just a minor change 


Don’t waste time engiseering “around” 
the handicaps imposed by conventional 
resistors! Use Sprague Koolohms and get 
exactly what you want. 


No power resistor can be one whit better 
than the insulation given its windings— 
and Koolohm ceramic insulation applied 
to the wire before it is wound gives you 
the maximum in this respect. Koolohms 
can be used safely up to their full rated 
wattage values. Their use of insulated 
wire permits larger wire sizes to be used, 


and guards against shorts and changed 
values. They give more resistance in 
smaller size, and are readily adaptable to 
almost any mounting style best suited to 
your production. 


Standard Sprague Koolohms include 
5-to 120-watt power types. Other Sprague 
Resistors include bobbin types, hermeti- 
cally sealed power resistors, 5- to 150- 
watts, and meter multipliers. Write for 
new catalog —just off the press. 


SPRAGUE ELECTRIC COMPANY, Resistor Division 


(Formerly Sprague Specialties Co.) 
North Adams, Mass. 
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You get the lowest possible pressure 


with the Welch 
DUO-SEAL 
VACUUM 


HIGH VACUUM 
.05 Micron 
(.00005 mm Hg.) 
Guaranteed 


OPTIMUM OPERATING 
SPEED 


300 Revolutions Per Minute 


OIL REQUIRED 
650 ml. Duo-Seal Oil No. 1405-H 


No other oil-sealed rotary vacuum pump PDUO-SEAL PUMP, Motor Driven. Vdcuum 
can outperform this unit. The larger free- to less than .O5 micron and free air 
air capacity and better ultimate vacuum of 33.4 liters per minute 
insures—— 
faster 
pumping at vacuum of 0.1 micron $155.00 


all pressures. 


Also supplied with a larger motor giving 57 
liters free air capacity per minute and 


“a A valuable treatise on 
vacuum techniques, with 
diagrams and complete data 
on Welch Duo-Seal Pumps. 


Write for your free copy—today. 


W. M. WELCH SCIENTIFIC COMPANY 


Established 1880 
1515 Sedgwick Street Chicago 10, Illinois, U.S.A. 
Manufacturers of Scientific Instruments and Laboratory Apparatus. 
More than 10,000 items covering all the Sciences. Specific information on request. 
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High-speed X-ray picture of 
cal. .30 bullet penetrating 
1/2 inch thick armor 


High-speed X-ray picture of 
same bullet 20 millionths of 
a second later 


PICTURES COURTESY LABORATORY DIVISION, FRANKFORD ARSENAI 


Jlines than a wink 


MAN - MADE HURRICANE 
BLOWS OUT ELECTRICITY. 
Engineers can now “blow 
out” electricity as easily as 
you extinguish the flame 
from your cigarette lighter. 
Circuit breakers built by 
Westinghouse unleash a 600- 
mile-an-hour blast of com- 
pressed air to snuff out 
powerful short-circuit arcs 
and prevent damage to vital 
electrical equipment on 
power lines. The hurricane 
of air can smother a 1,000, 
000-kilowatt electric arc in 
less than a hundredth of a 


second, 


REPRESENTATIVES OF 257 
PRE - WAR PROFESSIONS, 
businesses, and trades are 
now employed at the West- 
inghouse - operated Naval 
Gun Plant at Louisville, 
Kentucky. Included are: 
former circus performers, 
several embaimers, a former 
professional hill-billy musi- 


UP WITH 


cian, and a pipe-organ 
builder. Despite their un- 
usual peace-time occupa- 
tions, all here have been 
able to learn the amazing 
high precision needed in 
making Naval Guns. 


A NEW GUNSIGHT LAMP 
that enables American gun- 
ners to aim directly into the 
sun and yet fire with deadly 
accuracy has been developed 
for the Army and Navy by 
Westinghouse Lamp Engi- 
neers. Former gunsight 
lamps allowed gunners to 
aim within only 15 degrees 
of the sun, leaving a dreaded 
“blind spot.” 


FREE... “Engineering High- 
lights of 1944”—a 32 page 
book, filled with interest- 
ing articles on new develop- 
ments in electrical research 
and engineering in wartime. 
Write: Westinghouse Engi- 
neer (AP-124). 
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Westinghouse research engineers have developed 
an ultra-high speed X-ray tube that makes pos- 
sible X-ray pictures, taken at the terrific speed of 
one-millionth of a second. These pictures show 
armor-piercing bullets penetrating 2 inch of solid 
steel armor plate. 


The action is 10,000 times faster than any con- 
ventional X-ray—literally 14,285 times quicker 
than a wink! 

Secret of this revolutionary X-ray is the new 
type tube that can handle a jolt of 2000 amperes, 
at 300,000 volts. This is applied in a flash by elec- 
trostatic condensers—creating a tremendous surge 
of X-radiation. 


With this new X-ray, U.S. Army ballistic ex- 
perts can “freeze” the image of a bullet, while 
it travels within a gun barrel at 2600 feet per 
second. 


When peace returns, this new example of West- 
inghouse skill in research will enable machine 
builders to study the strains in rapidly moving 
parts—improve the performance and increase the 
life of many peacetime products. 

Westinghouse Electric £8 Manufacturing Com- 
pany, Pittsburgh 30, Pennsylvamia. 


Westinghouse 


PLANTS IN 25 CITIES OFFICES EVERYWHERE 


TUNE IN: John Charlies Thomas, Sunday 2:30, EWT, NBC 
Ted Malone, Mon. Wed. Fri., 10:15 pm, EWT, Blue Network 
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Physics of the Solid State 


STATEMENT PREPARED BY S. DUSHMAN, T. A. READ, F. Seirz, W. SHOCKLEY, 
S. SIEGEL, AND R. SMOLUCHOWSKI 


N January, 1944 a group of six physicists sent 
a circular letter to about fifty members of the 

American Physical Society who were known to 
be interested primarily in metals or in the solid 
state in general, with the purpose of finding out 
their reaction to a proposed new division of the 
Society. According to the constitution, members 
of the Society may join a division and elect their 
officers. Since this procedure implies certain 
classification or subdivision of membership, an 
alternate suggestion was made to organize a 
committee which would take care of all the 
various tasks such as organizing symposia, etc., 
without introducing a separate “specialized” 
membership. 

About sixty percent of the physicists have sent 
in their answers: half of them being in favor of a 
committee (as defined above), one third in favor 
of a regular division, and the rest opposed to any 
new action. With the kind cooperation of the 
secretary of the Society these results were pre- 
sented to the Council at one of its meetings. The 
Council expressed itself essentially in favor of a 
regular division because this is provided for in 
the constitution and it appointed the original 
group of six physicists a committee to organize 
a symposium for one of the forthcoming meetings 
in the 1944-1945 season. A business session at 
this symposium should give ample opportunity 
for those interested in solids to express their 
opinion about the proposed steps. 

There seems to be little doubt that the 
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majority of those consulted is in favor of some 
form of cooperation among: physicists interested 
in solids. However, there is a desire to avoid, as 
much as practical, too formal an organization. 
The question to be decided is whether to create 
a regular division with its own membership or to 
make all the necessary steps to authorize the 
existence of committees (or divisions) without 
subdividing the membership of the Society into 
specialized groups. The latter may necessitate a 
constitutional amendment. There are arguments 
in favor of both solutions: The formation of a 
regular division would follow the standard pat- 
tern of other divisions and is relatively simple; 
the formation of a committee (or a division 
without membership) avoids the dangers of 
overspecialization and stresses the unity of 
interest and of purpose of all physicists, but it 
encounters several difficulties. 

One of the purposes of the Symposium on the 
Solid State at the January meeting of the 
American Physical Society is to provide an 
opportunity for those interested in solids to 
decide which is the most suitable form of organ- 
ization and to elect the proper body to carry out 
a program of future activities. 

The program of the Symposium includes 
invited papers on various topics in the field of 
pure and applied Physics of Solids. It is suggested 
that all those who wish to present regular (10 
minutes) papers in that field would do so at the 
January meeting in New York. 
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Physical Aspects of Foaming in Steam Generation 


HANS M. CASSEL 
General Ceramics and Acatite Corporation, Keasbey, New Jersey 


Vaporization of pure liquids is reviewed as a problem of heat transfer and the rate of vapor 
bubble creation. Applying an idea of Gibbs, the influence upon the activation energy of nucleus 
formation exerted by the contact angle at the vapor/liquid/solid phase boundaries as well as 
by the shape and size of submerged solids is quantitatively expressed by the reduction in the 
volume requirement of the nucleus. Possible effects of solutes in superheated liquids upon 
steam bubble creation and growth are discussed. The stabilization of foam in boiling electrolyte 
solutions is explained by the thermoelectric potential differences originating from the tempera- 
ture gradient around growing bubbles. The effect of foam inhibiting agents (e.g., castor oil) 
is interpreted as a change in the rate of bubble creation caused by surface conditioning of 


heating elements and suspended particles. 


O-called “foaming” constitutes a major 
nuisance in stationary as well as in loco- 
motive boiler operation. This phenomenon, al- 
though superficially resembling the foam forma- 
tion of soap solutions, is basically different in 
nature from ordinary lathering or frothing. The 
production and stability of soap bubbles depend 
on the existence at the liquid/air interface of 
more or less condensed monolayers of oriented 
organic molecules. On the other hand, foaming 
of boiler waters may be caused merely by the 
presence of dissolved inorganic salts. Such solu- 
tions would not show approximately the same 
foam development with finely dispersed air 
injected as they do under boiling conditions. 
Thus it appears that boiler-foaming is char- 


acteristic of steam generation from solutions, and 


in the following paragraphs an attempt will be 
made to trace the observed facts to their funda- 
mental causes. 


I. STEAM GENERATION FROM DISTILLED WATER 


To understand the process of evaporation from 
solutions the simple vaporization of distilled 
water has to be analyzed first. 

When a liquid mass is in thermal equilibrium 
with an adjacent mass of its vapor, there will be 
a kinetic exchange of molecules from one phase 
to the other so that the number of molecules 
condensed per unit time and area equals the 
number of evaporated molecules. It requires an 
excess of molecules passing in one direction over 
the number passing in the opposite direction to 
produce a noticeable evaporation or condensa- 
tion. The factor which determines the direction 
of excess transfer is quite generally the tempera- 
ture difference between the two phases, the 
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molecules following a more or less abrupt drop in 
temperature set up at the phase boundary. 
Accordingly, the process of evaporation requires 
superheating of the liquid, and vice versa. If 
steam generation were restricted to the surface 
of the water level, we would have the complete 
theory of evaporation comprised in that simple 
statement. 

However, the spectacular feature of boiling is 
the creation and the growth within the liquid, 
and particularly in the neighborhood of the 
heating surfaces, of numerous vapor bubbles 
which rise and burst after having reached the 
surface. If we postpone the discussion of the 
bubble origin at this instant, it is nevertheless 
obvious that the growth of a bubble is subject 
to the same general law as any evaporation; i.e., 
there must be a temperature gradient around the 
expanding bubble, and any increase of the bubble 
volume depends on a superheating of the sur- 
rounding liquid in regard to the vapor phase on 
top of the water level. 

The importance of this requirement of bubble 
growth was fully recognized for the first time 
only 15 years ago in the work of Bosnjakovic,! 
who showed that superheating of the liquid pro- 
vides the impulse to the heat transmission needed 
for evaporation. From this point of view the 
indispensable heat transfer through the heating 
surfaces to the boiling liquid appears as of 
secondary significance, which it certainly is when 
the heat transfer from the liquid to the vapor 
bubbles is the rate determining step in the whole 
process of ebulition. 


1F, Bosnjakovic, Technische Mechanik und Thermo- 
dynamik (1930), Vol. I, p. 358. 
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Since the growth of a bubble implies an 
increase of surface in addition to that of volume 
the surface tension of the liquid is a decisive 
factor. In order to be in equilibrium with the 
liquid under a pressure pez, the vapor pressure 
in the interior of the bubble pi, has to be larger 
by the quantity 2¢/r, where o is the surface 
tension and r the radius of the spherical bubble. 
Now, the vapor pressure of a concave liquid is 
smaller than that of a plane surface of the same 
liquid at the same temperature po by an amount 
which is given by the equation of J. J. Thomson: 


Pin = Po exp (—2¢0M/rDRT), (1) 


where M/D is the mole-volume of the liquid. 
The only means of satisfying these conditions is 
by superheating the liquid in regard to the 
external vapor phase. The temperature required 
can be determined if the vapor pressure as a 
function of temperature is known. This relation 
is given by the equation of Clausius-Clapeyron 
when integrated over a reasonable temperature 
range: 


log po=log pex +L(T—T o)/RTTo, (2) 


where L designates the molal heat of evaporation, 
and where it is assumed that the ideal gas law 
holds for the vapor phase. By eliminating po we 
obtain the equation : 


L(T—T.) 20M 


Pex +20/r= pe exp ( 
RIT,  rDRT 


which represents the correlation of the tempera- 
ture of superheating and the size of the bubble in 
equilibrium with the liquid at that temperature. 

In developing the exponential and neglecting all 
but the first term we may write as a second 
approximation : 


L(T-—T:) 20M 
RTT, rRTD 


= (4) 


It is informative to exemplify this by a few 
instances: The excess temperature necessary for 
the existence of a bubble of radius 0.001 cm in 
water boiling under atmospheric pressure is 
0.32°C, and under a pressure of 10 atmos. 
(200 Ib./sq. in.) at 195°C only about 0.03°C. In 
applying the formula it will be noticed that the 
Thomson term 2¢/rRTD, caused by the great 
value of R, plays only the rolé¢ of a minor correc- 
tion except when r approaches the dimensions 
of the water molecule (r= 1.6 10-8 cm). 
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The preceding considerations refer to the 
equilibrium of a bubble within a superheated 
liquid. It is, however, important to realize that 
this equilibrium is unstable. Any smaller bubble 
than that defined by the critical radius, its 
internal pressure being insufficient to overcome 
the capillary pressure 2¢/r, is condemned to 
collapse, whereas with the least excess in size it 
would tend to increase as far as circumstances 
permit. - 

Since the creation of a new bubble implies a 
start from molecular dimensions it may appear 
as if an unbelievably high local superheating 
would be necessary to make such an event 
possible. Indeed, on the grounds of classical 
thermodynamics this phenomenon would be 
absolutely unintelligible. 

In the work of M. v. Smoluchowski? it was 
first realized as a consequence of the kinetic 
theory of matter that local fluctuations of 
density (pressure) and temperature do always 
occur within apparently homogeneous liquids. 
On the same basis, heterophase fluctuations must 
be expected within a liquid whose state is close 
to a transition point,’ e.g., the formation of vapor 
bubbles in the neighborhood of the boiling point. 
In other words, such a liquid has to be considered 
as an emulsion within which bubbles of all sizes 
are dispersed according to a statistical distribu- 
tion. 

Of all possible bubbles we are here only 
interested in those which have reached the fore- 
mentioned critical diameter and which have the 
greatest chance of contributing to the process of 
boiling. With M. Volmer‘t who was the first to 
approach the kinetics of phase formation from 
this point of view, we call these bubbles “‘nuclei.”’ 
Providing that care is taken to keep the ‘‘emul- 
sion”’ in a stationary state by supplying heat and 
feeding liquid, there will be a stationary number 
of ‘‘nuclei’’ in the liquid. According to the laws of- 
statistical mechanics® this number can be repre- 
sented by an expression: B=C exp (—W/kT), 
where C is a relatively slowly varying function 
of the temperature. W, the work required to form 
(by a reversible process) the vapor bubble of 
critical size, may be called the activation energy 
of the process. As J. Willard Gibbs® has shown, 


2M. v. Smoluchowski, Ann. d. Physik 25, 205 (1908), . 

3]. Frenkel, J. Chem. Phys. 7, 538 (1939). 

4M. Volmer, Zeits. f. Elektrochemie 35, 555 (1929). 

5R. C. Tolman, Statistical Mechanics (Reinhold Pub- 
lishing Corporation, New York, 1927), p. 320. 

6]. Willard Gibbs, Collected Works (Longmans, Green 
and Company, New York, 1928), Vol. I, p. 257. 
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Fic. 1. Reduction of steam nucleus volume with de- 
creasing contact angle. The segments underneath the 
straight lines represent volumes replaced by solid phases. 


the free energy of phase formation can always 
be represented as well by one-third of the work 
required to form the nucleus surface: 


W=}o-s (5) 


as by one-half of the work required to form the 
nucleus volume: 


W= 4 V(P in— Pex). (Sa) 


If we now consider the mean lifetime of the 
nucleus 7, we arrive at an expression for the 
rate of nucleus formation, in the present example 
for the number of vapor bubbles developed per 
cc, per sec. : 


dB C 
—— =— exp (— W/kT) (6) 
dt 2r 


which can be checked experimentally. 

For this purpose it is most helpful to eliminate 
the radius of the globular mass by means of the 
approximation 2¢/ro=P»—P.x so that we can 
write: 


W = 169° /3k(Po— Pex)’. (7) 


Since the interfacial tension decreases steadily 
while the denominator increases with rising 
temperature, the exponential in (6) must be 
expected to increase rapidly within the narrow 
temperature range where the rate of bubble 
formation becomes observable. 
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It is well known that pure liquids, void of 
suspended matter, can be subjected to very high 
superheating without boiling. Thus, Faraday’ 
found it possible to heat water under atmospheric 
pressure up to 132°C before it exploded. K. L. 
Wismer,® in a very thorough study of the phe- 
nomenon, found that carefully purified ethyl 
ether (b.p. 34.5°C) can be heated up to 143°C 
before it explodes when the pressure is reduced 
to 1 atmbds. 

On the basis of Wismer’s data W. Doering’ 
has estimated the order of magnitude of the 
factor C/2r in Eq. (6) to be 10°’. 

It is safe to conclude that spontaneous bubble 
formation never occurs in boiler waters and that 
boiling would be a most dangerous proposition 
if it were not for the catalytic effects of suspended 
particles and heating surfaces. 

Obviously the formation of a new vapor /solid 
interface may require less work than the forma- 
tion of the vapor/liquid surface in the case that 
the solid surface is not well wettable by the 
liquid. It has become customary to call such a 
surface hydrophobic if the liquid is water. A 
quantitative measure for this behavior is the 
angle of contact at the three-phase boundary 
solid /steam /water. 

To visualize the effect of the contact angle 
upon the rate of bubble formation we take advan- 
tage of Gibbs’ definition of the free energy W as 
half the product of pressure difference and nu- 
cleus volume. 

The pressure difference Pin—Pex, being fixed 
by the operating conditions (J and P-.x), deter- 
mines the radius of the critical bubble, no matter 
what the value of the contact angle. But the 
volume of the sessile bubble attached to the 
solid surface will be the smaller as the greater a 
part of the full sphere is cut off by the solid body. 
For instance, if the contact angle is 90°, the 
nucleus forms a half-sphere and, accordingly, 
only half of the work required to form it in 
absence of the solid is necessary. Figure 1 may 
serve to illustrate these very simple relations. 
It will be noticed that the bubble volume 
approaches zero as the contact angle reaches 
this limit and, on the other hand, the volume 
increases to that of the full sphere when the 
contact angle becomes 180° for a_ perfectly 
wettable or hydrophilic solid surface. In the 


7M. Faraday, Royal Institution (June, 1850). 

5K. L. Wismer, J. Phys. Chem. 26, 301 (1922). 

®°W. Doering, Zeits. f. physik. Chemie B36, 371 (1937); 
B38, 292 (1938). 
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latter case, the work of bubble formation re- 
mains the same as in absence of the solid, where- 
as, for the perfectly hydrophobic surface, when 
the quantity W=0 a minimum of superheating 
would be sufficient to keep the water boiling, 
the rate of bubble formation would be at its 
maximum. 

The preceding considerations concerned the 
ideal case of perfectly smooth, plane surfaces; 
it can be anticipated, however, that the natural 
or artificial roughness of heating surfaces may 
substantially change the conditions. M. Jakob'® 
and his co-workers, in their broad investigation 
of this field, have definitely established the very 
pronounced differences in the effects of smooth- 
ness and roughness upon the type of steam 
bubbles formed and upon the temperature distri- 
bution in the boiling waters. There can be no 
doubt that greater roughness facilitates evapo- 
ration as is proved by the lowering of the mean 
temperature of superheating. 

The question naturally arises whether the 
protruding or the concave parts of the roughened 
surface are responsible for the observed change. 
According to the theoretical point of view as 
here presented, this reduces to the question: 
Will a greater part of the nucleus volume be cut 
off by a protrusion or by a cavity? In the special 
case of the alternative between a conical tip and 
a conical dip, as illustrated in Fig. 2 for a contact 
angle of 90°, the larger share cut off by the dip 
will be easily noticed. Whatever the contact 
angle and the shape of the surface irregularity 
may be, it is evident that cracks and cavities 
are likely to contribute the most to reducing the 
activation energy of nucleus formation. 

Of course, this argument can also be applied 
in judging about the efficiency of particles of 
suspended matter. Even with perfectly hydro- 
phobic particles little can be expected unless the 
volume of the particles is large enough to displace 
a major part of the nucleus volume. Therefore, 
in general, the contact effect of larger particles 
must be superior to that of smaller ones. 


II. STEAM GENERATION FROM SOLUTIONS 


There is no foam development in distilled 
water ; apparently, once formed, bubbles do out- 
grow to the largest possible size or coalesce with 
colliding neighbors. By some reasons, conditions 
are different in solutions. In surveying the known 
facts one arrives unfailingly at the conclusion 


10M. Jakob, Mech. Eng. (Oct. and Nov. 1936). 
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that the tendency towards foaming increases as 
the concentration of dissolved matter rises. This 
is very strikingly demonstrated by the success of 
“‘blowing-down”’ in locomotive operation which 
belongs to one of the most strictly observed 
regulations of railroad engineering. 

In feeding the boiler continually with salt 
containing water, the concentration of the solu- 
tion, caused by the evaporation of the water, 
increases steadily. This may or may not result 
in the precipitation of supersaturated compo- 
nents. However, in order to keep the concentra- 
tion below a certain level which is considered as 
being critical to foam production, water is with- 
drawn from the boiler either continuously or in 
periodic intervals. For instance, if a tenfold 


ee 


Fic. 2. (a) Nucleus volume reduction owing to dip. The 
wavy lines indicate water, the shaded part solid, and the 
unshaded part steam. (b) Tip. 
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increase in the concentration of the feed water 
shall not be surpassed, one-tenth of the water 
has to be blown down. Needless to say, this is a 
serious waste of energy. 

The question as to why the presence of electro- 
lyte in the water under otherwise unchanged 
conditions enhances the formation and stabiliza- 
tion of more numerous bubbles than occur in 
less concentrated solutions has not yet been 
satisfactorily answered. 

C. W. Foulk" has advanced the idea that the 
difference is caused by an increase of the stability 
of the bubbles, which in a way similar to the 
stabilization of emulsions, are prevented from 
coalescence, presumably by the action of electric 
double layers surrounding the individual bubbles. 
This point certainly deserves attention. How- 
ever, to the present reviewer it appears that the 
origin of the postulated electric forces cannot be 
the same as in colloidal solutions. In the latter 
case stability is caused by the existence at the 
interfaces of the so-called Z potential. However, 
the electrical double layer always decreases on 
the addition of more electrolyte; it may be 
reversed in sign, but nevertheless becomes negli- 
gible with increasing concentration. On this 
basis, the limitation of concentrations as main- 
tained in blow-down practice cannot be justified. 

N. K. Adam"™ has expressed the opinion that 
the stabilization of the bubbles may depend on 
the building up of insoluble crystalline films such 
as carbonates, hydroxides, or sulfates, precipi- 
tated around the bubbles by the process of 
evaporation. However, precipitation, though it 
may be one contributing factor, is certainly not 
the only cause of foaming. W. B. Leaf" has 
observed very pronounced foaming in the atmos- 
pheric boiling of alkali salt solutions whose 
concentration (26 g¢/1000 cc) is too far from 
saturation to render precipitation possible. 

It is nevertheless true that steam bubble for- 
mation from solution will lead to an accumula- 
tion of dissolved matter around the bubble. 
Evidently this must contribute to the stabiliza- 
tion of the bubble in two ways. First, there must 
be a reduction of the vapor pressure because of 
the higher concentration which, in turn, causes a 
reduction of the rate of vaporization. The growth 
of the bubble, therefore, will be slowed down in 


(1938). W. Foulk and K. Groves, Ind. Eng. Chem. 25, 800 
2N.K. Adam, Physics and Chemistry of Surfaces (Oxford 
University Press, 1938), p. 146. 
4% W. B. Leaf, Am. Railway Eng. Assn. 45 (May, 1944). 
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an earlier stage, i.e., at a smaller size than in 
absence of the solute. With diminished cooling of 
the bubble neighborhood, superheating will 
spread to its closer vicinity and, in the presence 
of sufficiently effective suspended particles, more 
numerous and more densely distributed bubbles 
can originate and grow than in pure water, even in 
the presence of thesame kind of suspended matter. 
Second, the existence of a concentration gradient 
between the surface of the bubble and the interior 
of the solution implies the building up of an 
electrical potential difference whose magnitude 
depends on the transfer numbers and activities 

of the electrolyte. 

No doubt, the picture as outlined does not yet 
give the complete story. Two more factors have 
to be considered: first, diffusion which counter- 
acts the described effect; second, the Ludwig- 
Soret phenomenon which definitely serves to 
promote the described effects. 

The birth of a bubble, comprising its growth 
from nuclear to visible dimensions—radius ro— 
is generally very fast; as M. Jakob put it, ‘‘an 
explosion in microscopic scale.” The electrolyte 
previously contained in the volume 427r°¢/3 of 
water (q designates the ratio of the densities of 
steam and water) must then have been dumped 
into a spherical shell of thickness d and volume 
4rr,-d, thus increasing the concentration of this 
layer from c to ¢+crog/3d. Although the diffusion 
coefficient D of electrolytes are measured by 
cm? per day, the decay of the excess concentra- 
tion is surprisingly rapid. From the elementary 
equation of the diffusion theory which represents 
the case: 


croq 


one has to conclude that this is caused by the 
smallness of the factors g (in the order of 10~*) 
and ro (in the order of 10-*), with D in the order 
of 10~* at the temperatures obtaining. 

The effect under consideration, accordingly, 
can be responsible only for the early termination 
of the explosive phase in the development of the 
steam bubble, and therefore, as mentioned above 
for a higher degree of superheating and for the 
creation of more numerous smaller bubbles than 
originate in pure water. But, this effect does not 
account for the prevention of coalescence in the 
later phases of bubble life. 

Owing to the vejocity of the diffusion effect 
the bubble will continue to grow, though with a 
reduced rate, and consequently the temperature 
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excess — 
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gradient around the bubble will persist. Now it 
is well known that in a solution, different sections 
of which are kept at different temperatures, the 
greater kinetic energy of the warmer parts forces 
an excess of solute to migrate towards the cooler 
ones. In electrolyte solutions this produces the 
above-mentioned electric potential differences 
which since van’t Hoff discussed them first 
have been repeatedly investigated under the 
headline ‘‘electrolytic thermocouples.’’!® 

Not before the steam bubbles cease growing in 
the top layers of a foam column will the repelling 
electromotive forces sufficiently diminish to allow 
the coalescence of adjacent water films. From 
the standpoint of Foulk’s theory, if it is presumed 
to give an explanation for the stability of steam 
bubbles, their final collapse cannot at all be 
understood. 

In closing this discussion it should be said that 
certain consequences of the theory here advanced 
have, so far, not yet been subjected to experi- 
mental checking. For instance, it should be 
expected that the tendency to foaming as meas- 
ured by the height of the foam column obtained 
is proportional to the molar electrolyte concen- 
tration rather than to the weight of dissolved 
matter customarily used in water treatment 
calculations. Also, the correlation of foaming 
and the thermo-electrolytic potential differences 
characteristic of the solutions lacks definite 
confirmation. 


III. MECHANISM OF FOAM INHIBITION 


For years numerous attempts have been made 
to combat foam development in boiler operation 
by injection into the feed waters of certain 
organic compounds. Among these castor oil has 
found the most widely spread application. Castor 
oil which contains a high percentage of ricinoleic 
acid spreads easily on water. Therefore, its 
efficiency was sometimes attributed to the surface 
activity of that compound. The present theory 
does not leave any basis for this belief. To the 
contrary, since the accumulation of organic 
molecules in the surface layer of an expanding 
bubble necessarily reduces its permeability to 
water molecules,'* the above-described effects of 
the electrolytes should be rather accentuated 
than diminished by capillary active substances. 

In the opinion of the present reviewer the foam 


4 ].H. van’t Hoff, Zeits. f. physik. Chemie 1, 487 (1887). 
18 W. Nernst, Theoretische Chemie (1913), p. 801. 
167. Langmuir, J. Frank. Inst. 235, 119 (1943). 
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inhibiting agent does not work at the water/ 
steam interface, supposedly facilitating the coa- 
lescence of bubbles, but at the heating surfaces 
and those of suspended particles. In other words, 
it appears that by properly conditioning these 
interfaces the number of bubble nuclei can be 
drastically reduced so that fewer but larger 
bubbles are formed, before coalescence could be 
of significance. 

Postponing the discussion of the heating 
surfaces let us assume that in absence of the 
foam inhibitor there are in any unit volume of 
the liquid mass enough particles of proper inter- 
face condition to allow of bubble formation 
where and when the degree of superheating is 
sufficient. This will be quite regularly the case. 
There is always plenty of precipitated matter 
when hard feed waters have been given an 
alkaline treatment. 

Supposing that the addition of anti-foam agent 
has rendered the surfaces of all suspended par- 
ticles strongly hydrophilic; then, a too high 
degree of superheat would be required to develop 
on these particles steam bubbles so that those 
possibly observed must originate at the heating 
surfaces. 

On the other hand, if the suspended particles 
are sufficiently hydrophobic the number of 
bubbles liberated on the slightest superheating 
will correspond to the number of particles. This 
may be of little conseqience under moderate 
steam draw-off during which the particles will 
be removed from the interior to the cooler top 
layers of the water by a process of steam flota- 
tion. However, a very undesirable situation will 
arise, at least temporarily, from a sudden increase 
in the steam consumption with the concomitant 
sudden superheating of the whole liquid body. 
It is true that after an initial outburst of foaming, 
quiet boiling may soon be restored; but the first 
shock of foaming, particularly when frequently 
repeated, may be objectionable enough. 

The behavior of the heating surfaces in absence 
of foam producing agents has been thoroughly 
studied in the work of M. Jakob and his co- 
workers. According to their observations three 
typical cases can be distinguished: (A) On 
unwetted surfaces, produced by a thin layer of 
mineral oil, the bubbles, while they grow rather 
large, are spreading over the heating surface 
until they finally break off; (B) the bubbles 
originate from a few active spots irregularly 
distributed over an apparently smooth surface 
which Jakob considers as being half-wettable; 
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the bubbles rise from the active spots closely 
following each other as in a row of pearls; 
(C) the surface has been fitted with square 
cavities 0.25 mm in length and distance. Here, 
apparently the whole surface is well wetted and 
it is hard to say whether the bubbles originate 
on the surface itself or in its immediate neighbor- 
hood. From a photograph reproduced in Jakob’s 
paper one would gather that corresponding to 
the great number of cavities a dense cloud of 
bubbles originates from as many active centers. 

In practical boiler operation the heating sur- 
faces are generally coated with a scale of precipi- 
tated matter. Under atmospheric boiling and 
with moderate heat input the appearance of the 
bubbles resembles that of case (B). But on 
increasing the heat supply bubble formation 
assumes the features of case (C). 

This in electrolytic solutions means foaming; 
and the question of what alterations may be 
expected from conditioning the heating surfaces 
shall be briefly discussed. 

lf the foam inhibitor modifies surfaces in a 
hydrophobic way conditions are similar to 
Jakob’s case (A), i.e., only relatively few (but 
large) bubbles form; foaming would practically 
subside except for the temporary contributions 
of suspended particles as previously described. 
Unfortunately, there would be caused by a 
hydrophobic type of foam inhibitor another 
undesirable effect. This is, as Jakob has already 


emphasized, a reduction of the heat transfer 
through the heating surface. Although part of 
the energy will be immediately transmitted to 
the vapor, a fact which by itself must counteract 
evaporation, the metal of the heating elements 
owing to the lack of contact with the water will 
always be in danger of being seriously damaged. 

A much better performance can be predicted 
for the case that the anti-foam agent accom- 
plishes a hyrgphilic conditioning of the heating 
surfaces as well as of the suspended particles. 
Then, any bubble formation inside the water 
must be extremely difficult even under sudden 
pressure reduction, and with the elimination of 
active centers on the heating surface creation of 
bubbles will be restricted to its immediate 
neighborhood. Since in the absence of catalyzing 
interfaces only a few bubbles can simultaneously 
originate each of them has the best opportunity 
of full size growing, while the perfect contact 
between the water and the heating surface pro- 
vides for the most economical heat transfer. 
Under such circumstances the coalescence-pre- 
venting effects of electrolytes are evidently of 
minor concern. 

Little seems to be known about what may 
afford proof in favor of these views. Research 
seems to have been largely on a trial and error 
basis. It is hoped, however, that a better theo- 
retical understanding may soon contribute to 
progress of practical value. 
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Here and There 


Nobel Prize Awards 


The 1943 Nobel Prize in Physics has been awarded to 
Dr. Otto Stern of the Carnegie Institute of Technology, 
Pittsburgh, Pennsylvania. Dr. Stern was born in Sohrau, 
Germany in 1888 and has held positions at the Technische 
Hochschule, Zurich and at the universities at Frankfurt, 
Rostock, and Hamburg. Since 1933 Dr. Stern has been 
research professor in the Research Laboratory of Molecular 
Physics at Carnegie Institute of Technology. In 1930 he 
was awarded an LL.D. by the University of California. 
The Nobel Prize award was made as a result of his research 
in molecular physics. 


The 1944 Nobel Prize in Physics has been awarded to 
Dr. Isador Isaac Rabi of Columbia University. Dr. Rabi 
was born in 1898 and came from Austria to this country as 
a small boy. He received the degree of Bacheolor of Chem- 
istry at Cornell in 1919 and his Ph.D. from Columbia in 
1926 for work on the magnetic properties of crystals. In 
1927 he received the Barnard Fellowship from Columbia 
and a fellowship from the International Education Board 
of the Rockefeller Foundation. He spent two years study- 
ing in Munich, Copenhagen, Hamburg, Leipzig, and 
Zurich. Since 1929 Dr. Rabi has been a professor at Colum- 
bia. In 1936 he received the semicentennial award in 
physical science by Sigma Xi at Cornell. His work has 
been primarily in the field of experimental work on the 
magnetic properties of atomic nuclei. 


New Appointments 


Dr. Mervin J. Kelly, Director of Research of Bell 
Telephone Laboratories, has been elected Executive Vice 
President of the Laboratories. Dr. Kelly has made sub- 
stantial contributions to photoelectric cells for sound 
pictures; to the water-cooled tubes widely used for high 
power broadcasting; and to the vacuum tubes which make 
long distance telephony possible. He graduated from the 
University of Missouri in 1914 and received the Ph.D. from 
Chicago in 1918. In that year he entered the Laboratories 
as a research physicist. He becarge Vacuum-Tube Develop- 
ment Director in 1930 and Director of Research in 1936. 
Dr. Kelly has had charge of Bell Laboratories’ development 
in radar and other important fields. He is an adviser to 
the government on technical war projects; a Fellow of the 
American Physical Society, American Institute of Elec- 
trical Engineers, Institute of Radio Engineers, Acoustical 
Society of America; and a member of the Directors of 
Industrial Research. 

Alva B. Clark and Dr. Reginald L. Jones have been 
elected Vice Presidents of the Laboratories. 

Mr. Clark was graduated from the University of 
Michigan in 1911 and then entered the American Telephone 
and Telegraph Company as a transmission engineer; in 
1916 he was placed in charge of the group concerned with 
telephone repeaters. Gradually he assumed additional 
responsibilities, becoming tall transmission engineer in 
1929. With his group he transferred to Bell Telephone 
Laboratories in 1934, and in 1940 he became Director of 
Systems Development. During the war he has been 
primarily responsible for the Laboratories’ work on Signal 
Corps communication equipment. He recently made an 
extensive trip to the European battlefronts to observe 
that equipment in action. Mr. Clark is a Fellow of the 
American Institute of Electrical Engineers, Acoustical 
Society of America, and American Association for the 
Advancement of Science. 

Dr. Jones graduated from Massachusetts Institute of 
Technology in 1909 and received the D.Sc. in 1911. In 
that year he took up research in Bell Telephone Labora- 
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tories and in 1914 was put in charge of the telephone 
transmission laboratory. During World War I he was a 
Captain in the Signal Corps. In 1923 he became head of 
the inspection engineering work of the Laboratories; in 
1927, outside plant development engineer; and in 1928, 
Director of Apparatus Development. Dr. Jones is a Fellow 
of the American Physical Society, American Institute of 
Electrical Engineers, Acoustical Society of America, and 
American Association for the Advancement of Science. 

Dr. Kelly and O. B. Blackwell were elected to the Board 
of Directors of the Laboratories. Formerly Vice President 
of the Laboratories, Mr. Blackwell on October 1 became 
Assistant Vice President of the American Telephone and 
Telegraph Company. 


Creation of a new post, Director of Libraries, at the 
Massachusetts Institute of Technology, and appointment 
of Professor John E. Burchard, now Director of the Bemis 
Foundation, to this post was announced by Dr. Karl T. 
Compton, President of the Institute. Professor Burchard 
began his new duties on October 1, although he is con- 
tinuing for the duration to give a large portion of his time 
to the important war work on which he has been engaged 
for the past four years. ‘“‘As Director of Libraries,’’ Presi- 
dent Compton said, “Professor Burchard will assume 
administrative direction of the Institute library and 
museum system, but he will have as his immediate and 
major task the planning of a broadened program of library 
service. The plan envisages the Institute libraries becoming 
a great technical library service center for this part of the 
country and the development of a building and program 
which will contribute substantially to the cultural activities 
of the Institute community, especially in the field of the 
humanities.” 


Dr. Milton Harris has announced his resignation as 
Director of Research of the Textile Foundation and the 
Textile Research Institute, to become effective January 1, 
1945. At that time, he and a number of members of the 
staff who have been working with him will continue their 
activities in a research and consulting organization to serve 
the textile and allied industries under the name of the 
Milton Harris Associates. Associated with him will be Dr. 
Lyman Fourt, who will be in charge of physics and bio- 
physics; Henry A. Rutherford, in charge of organic develop- 
ment; and Arnold M. Sookne, in charge of physical- 
chemistry research. The laboratories will be located in 
Washington, D. C 


80th Birthday of William Gaertner 


It was announced that Mr. William Gaertner of The 
Gaertner Scientific Corporation celebrated his 80th birth- 
day on October 24, 1944. In a career of half a century he 
has made a distinct and lasting contribution to the field of 
modern science in the design and production of high grade 

recision instruments. Throughout the years, Mr. Gaertner 

as continued to serve as President and Treasurer of the 
Corporation and is still active in the development of new 
instruments and the improvement of old designs. 


Electrochemical Society Awards 


The Board of Directors of the Electrochemical Society, 
an international organization, has announced the award of 
the eighth Edward Goodrich Acheson Medal and Thousand 
Dollar Prize to Dr. William Blum, Chief of the Section of 
Electrochemistry, U. S. Bureau of Standards. Dr. Blum 
is to a very large measure responsible for the standard- 
ization of electroplating methods and of plating formulas. 
The formal presentation of the Gold Medal and $1000 
Prize took place at the fall convention of the Electro- 
chemical Society at Buffalo, New York, October 13, 1944. 
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New G. E. Electronics Plant 


The General Electric Company has purchased a one 
hundred and fifty-five acre plot of ground in Liverpool, 
five miles from the city of Syracuse, New York, and, when 
necessary materials are released by the government, will 
build a new plant and make it the headquarters for its 
department of electronics. Definite plans for the proposed 
plant have not been made, but preliminary arrangements 
call for the erection of several buildings so landscaped that 
it has been suggested that the plant be called “‘Electronics 
Park.” 


Textile Foundation Research 


The Board of Directors of the Textile Foundation of 
Washington, D. C. has decided upc.a the immediate 
transfer of its program of fundamental research in the field 
of textile science from the National Bureau of Standards, 
Washington, D. C., where this research program has been 
carried out for the last eight years, to a new location at 
Princeton, New Jersey, in a property provided by the 
Textile Research Institute, Inc., of New York. As a result 
of this transfer it becomes possible to integrate the research 
effort of the Textile Foundation with the program of 
training and education at the graduate level which forms 
one of the five objectives of the Textile Research Institute 
in its campaign to provide the whole textile industry, 
covering natural and synthetic fibers alike, with a research 
organization and personnel adequate to the needs and 
problems of the postwar era. 

Through the courtesy of President H. W. Dodds of 
Princeton University the Textile Foundation has secured 
the part-time services of Professor Henry Eyring as 
Acting Director of the research program of the Textile 
Foundation and the Textile Research Institute. Under his 
direction it is planned to engage immediately in a broad 
program of research effort in the chemistry and physics of 
fibers and to initiate, under a fellowship plan, the educa- 
tional activities of the Textile Research Institute. The 
decision to initiate this immediately instead of in the 
postwar period permits the research-training program to 
go into effect during the academic year 1944-45, thus 
advancing by at least a year the provision of trained 
personnel for the postwar era. 

Dr. Robert E. Rose, of Penn's Grove, New Jersey, who 
recently retired from his position as director of the E. I. 
du Pont de Nemours & Company technical laboratory, 
and who is Chairman of the Scientific Advisory Committees 
of both the Textile Foundation and the Textile Research 
Institute, has agreed to associate himself with the develop- 
ment as Research Counselor of both organizations, and 
will cooperate with Professor Eyring in the solution of the 
problems involved. 


General Motors Conferences 


The application of spectrochemical analysis has ex- 
panded so rapidly in General Motors Corporation in 
connection with war production problems that there are 
now twenty-four General Motors plants which have 
spectrographic installations in operation or on order. In 
order to develop further the applications of these analytical 
tools the spectroscopists in the Corporation have initiated 
a series of General Motors Spectrographic Conferences. 
Since such conferences are attended only by General 
Motors men, they provide for frank and critical examina- 
tion of spectrographic methods now in use or contemplated 
in the Corporation. The fundamental physical and chemical 
aspects of the field are also discussed, together with closely 
associated problems of physics, chemistry, and metallurgy. 
Five of these conferences have been held at intervals of 
about three months, and have been attended by from forty 
to sixty men. At these meetings, papers have been pre- 
sented by R. E. Nusbaum and D. pe Ery of the Research 
Laboratories Division, S. F. Simpson of Chevrolet; W. N. 
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Hatfield of Delco-Remy, R. W. Smith of AC Spark Plug, 
H. H. Grossman of Harrison Radiator, E. Osborne of 
Buick, F. D. Brookshire and W. R. O'Neill of Cadillac 
Motor, L. A. Danse of Standards Section, and R. B. 
Schenck of Buick. Further meetings are planned, together 
with other activities such as the cooperative preparation 
of standards and the extensive study of methods and 
equipment. Temporary Chairman of the group during its 
formative period is G. M. Rassweiler, Research Labora- 
tories Division. 


Bulletin of Mathematical Biophysics 


The December, 1944 issue of the Bulletin of Mathematical 
Biophysics, Vol. 6, No. 4, will have the following table of 
contents: 

On the Theory of Blood-Tissue Exchanges: I. Applications—R. E. 
SMITH AND M, F. MoRALEs. 

On the Theory of Blood-Tissue Exchanges: II. Circulation and Inert- 
Gas Exchanges at the Lung with Special Reference to Saturation— 
M. F. MorRALES AND R. E. Situ. 

On the Form and Strength of Trees: Part II. The Primary Branches— 
I. OPATOWSKI. 

The Two-Factor Theory of Nervous Excitation with Non-Normal 
Accommodation—ALsTON S. HOUSEHOLDER. 

Contributions to the Mathematical Biophysics of Visual Aesthetics— 
N. RASHEVSKY AND VIRGINIA Brown. 


Book of A.S.T.M. Standards 


Heavy demands for the 1942 Book of A.S.T.M. Standards 
and its Supplements occasioned by the war production 
efforts have necessitated advancing by a full year publica- 
tion of the next book. Normally this would come out in 
November-December, 1945 on the triennial basis, but the 
book will be issued in December, 1944. 

Very widely used by American industry and many 
branches of state and federal governments, this book, 
providing authoritative specifications and tests for a wide 
range of engineering materials, will cover some 6000 pages 
in three parts: I, Metals; Il, Non-metallic materials— 
constructional (cement, lime, concrete, paint, etc.); III, 
Non-metallic materials—general (petroleum, textiles, plas- 
tics, coal, rubber, etc.). 


New: Books 


Electron-Optics - 


By Paut HATScHEK, translated by Arthur Palme. Pp. 
161+v, Figs. 125, 16234 cm. American Photo- 
graphic Publishing Company, Boston, 1944. Price 
$3.00. 


The book of P. Hatschek on electron optics, written in 
German nine years ago for “readers who had had no previ- 
ous acquaintance with the subject,” was translated and 
provided with an added chapter by Arthur Palme. 

The reviewer has to start with an apology: Not knowing 
the original German edition he is at a loss to judge how 
many of the mistakes contained in the book are due to the 
author and how many to the translator. By deductive 
methods, so dear to the mystery writers, he thinks that he 
can ascribe the majority of them to the translator. The 
main reason for his assumption is an analysis of the notes 
and of the last chapter added by the translator. They show 
that the translator is imbued with a great deal of love and 
enthusiasm but with considerably less knowledge. Un- 
fortunately for the translation of this type of book some 
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knowledge of the subject is necessary. By using the de- 
ductive methods of Sherlock Holmes one would be inclined 
to say that the translator is familiar with what is commonly 
known as electronics. This electronics of electrical engi- 
neering and allied branches is by no means equivalent to 
the physics of electrons, and even further away from optics. 
Only such a lack of knowledge of the physical principles can 
explain such unfortunate remarks, as the note by the trans- 
lator on p. 91, when commenting on the resolving power of 
light microscopes: “‘Mention should be made here that 
somewhat higher magnification can be obtained with ultra- 
violet illumination. The image cannot be seen by the eye, 
but can be readily photographed. The fact that the multi- 
lens system of a microscope blocks a very large proportion 
of the ultraviolet light, glass being almost opaque to these 
rays, necessitates extremely long exposures.” 

The available space doesn’t allow me to quote many 
mistakes or to investigate whether it’s the translator’s or 
the author's fault to have garbled some of the explanations 
like, for instance, that of the resolving power on pp. 89-90. 
But another feature of the book should be pointed out 
which is a direct consequence of the translator’s unfamili- 
arity with the subject. Very often in the book developments 
in different fields are represented as having essentially been 
done in Germany. Inasmuch as such a procedure is under- 
standable (but not excusable) in a German book written for 
the Germans, it is hard to understand why the translator 
didn’t try to remedy the situation by means of some added 
notes. So, for instance, speaking of radio tubes, Lieben’s 
name figures prominently without mentioning de Forest. 
Also where the translator refers to modern developments 
since the publication of the German book, his knowledge is 
limited to commercial publicity alone and there is no evi- 
dence for his having read very much of the scientific and 
technical publications on the subject. 

In spite of all these limitations the book is not without 
merit. Many of its explanations are very well presented and 
might serve advantageously as an introduction to electron 
optics for the lay public. The translator is certainly right in 
his remark that “the fundamentals presented in this book 
will always have a permanent worth in the history of 
electronics.” 

The book is, with few exceptions, well illustrated and 
excellently printed on very good paper. The publishing 
house has to be complimented on the presentation of the 
book. 

L. MARTON 
Division of Electron Optics 
Stanford University 


Electronic Physics 


By L. G. Hector, H. S. Letn, anp C. E. ScouTen. 
Pp. 355+viii, Figs. 289, 15X22 cm. The Blakiston 
Company, Philadelphia. Price $3.75. 


As an elementary approach to electricity and light, this 
attractive volume has much to recommend it. It seems to 
be based upon the hypothesis that students can be taught 
electricity from the modern viewpoint without a prolonged 
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apprenticeship in mechanics, heat, and sound, and without 
going through the whole historical development of elec- 
tricity. The emphasis is upon practical matters, and prac- 
tical units only are employed throughout. The use of 
mathematics is strictly limited: arithmetic and algebra, 
and no trigonometry, not even in the parts on alternating 
current. The book should be about right for high school 
students or for first-year college students. In the latter 
case, it should serve for a one-semester course only, unless 
the students are inordinately slow. 

The line drawings are done in two tones, black and red, 
a device which adds to the figures a degree of life not 
ordinarily encountered. In many cases, this method of 
using two colors allows the artist (Anne Scouten) to bring 
out essential details clearly in simple drawings. The text 
breaks into the modern verbiage of electronics quickly and 
treats electricity almost from the start from the electron 
viewpoint, but it retains the conventional directions of 
current, lines of force, etc. The style is simple and readable 
and not involved. 

Each chapter is introduced by a paragraph stating the 
aims to be attained, and concluded with a series of num- 
bered iterns summarizing the principal points encountered. 
There are two groups of graded problems at the end of 
each chapter; the more difficult group should not strain the 
mentality of an alert college freshman. Suggestions for 
simple experiments are also included, although the book 
is in no sense a laboratory manual. Two or three color 
plates help to dress it up. 

Approximately 60 percent of the book is devoted to 
electricity, proceeding farther on alternating current than 
most high school texts do, but not going into radio and 
other electronic applications as far as the title of the book 
would suggest. Only two chapters are devoted to wireless 
and radio as such. There follows 30 percent of the book 
on light, and the rest is devoted to two final chapters on 
radioactivity and modern nuclear physics. In view of the 
contents cited, the book might be used as the text for a 
half-year of general physics at the introductory level. 
The authors have tried successfully to break away from 
some of the traditional methods of approach in electricity 
(not so much in light) but their finished product is by no 
means revolutionary either in content or approach. 


RicHArD M. Sutton 
Haverford College 


New Booklets 


Catalog EN-95 is the new revised booklet, Apparatus for 
Electrolytic Conductivity Measurements in Laboratory and 
Plant, which describes instruments for making precise con- 
ductivity measurements in plant, laboratory, or classroom. 
This publication presents much the same data about 
methods of measurement and notes for selection and use of 
the apparatus as did the previous edition. But, in addition, 
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it illustrates and describes a signalling conductivity con- 
troller and several new industrial cells which have become 
available since the earlier edition was issued. For a copy of 
this 44-page catalog, EN-95, 1944 edition, write to Leeds 
and Northrup Company, 4934 Stenton Avenue, Phila- 
delphia 44, Pennsylvania. 


As a guide to permit rapid selection of books by title, 
author, publishér, subject, or application, Allied Radio 
Corporation has released for free distribution a booklet 
containing a wide selection of publications on radio, 
electronics, and related subjects. Listings cover simplest 
fundamentals to advanced practices for beginner, student, 
radio amateur, instructor, technician, service and mainte- 
nance man, and engineer. To obtain this booklet, write 
to Allied Radio Corporation, 833 West Jackson Boulevard, 
Chicago 7, Illinois. 


Berliner Chemical Survey Reports are compiled by a 
staff of research experts. Each report is devoted exclusively 
to a specific phase of industrial chemistry. Free copies, as 
well as all other information, can be obtained from J. J. 
Berliner & Staff, 212 Fifth Avenue, New York 10, New 
York. 


Interchemical Review is published quarterly by the Re- 
search Laboratories of Interchemical Corporation, 432 
West 45 Street, New York 19, New York. Volume 3, 
Number 2, Summer—1944, features articles on the origin 
and manufacture of coated fabrics, chemistry of the 
phthalocyanine pigments, history of the Ault & Wiborg 
Division, and news notes. All correspondence and requests 
for copies should be addressed to the Editor at the above 
address. 


Nickel Cast Iron News is published quarterly in the 
interest of producers and users of cast iron. Requests can 
be addressed to H. S. Lewis, Editor, The International 
Nickel Company, Inc., 67 Wall Street, New York 5, 
New York. 


Letters to the Editor 


Representation of Rigid Rotations 


I. Morrison 
University of Alberta, Edmonton, Alberta, Canada 
September 6, 1944 


N the August issue of the Journal of Applied Physics, 

E. T. Benedikt* works out an interesting form of an 

operator which, when applied to a vector 7, causes a finite 
rotation of amplitude @ around a unit vector h. 

The process by which the final result is obtained is, 
perhaps, longer than necessary and there are one or two 
points of added interest which may be worth pointing out. 

The equation 


r’=r+(cos 0—1)[r—h*r]+sinhXr (2) 
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would be in better form if, when factored, it were written 
r’={I+(cos @—1)(I—hh)+sin Xh)}-r, 


in which 7 is the idemfactor. This makes the terms homo- 
geneous in character and the operator 


R=I+(cos 0(1 Xh) 
then becomes a proper dyadic, or tensor if one prefers. 
Now it is well known that, in vector algebra, the dyadic 
IX<h behaves like the scalar \/—1 in ordinary algebra. 
Suppose, therefore, we examine the expansion of &¢*, 
This is: 
It is easy to show that 
(1 Xh)? = (1 Xh)* 
etc. 
Substituting, we have 
hh+(I—hh) +01 Xh) — (@/2!) (1 —hh) — (@/3!)(1Xh) 
+ (0/4!) (I —hh) + (05/5!) Xh)—---, 
and obviously this can be rearranged into 
hh+ (I—hh)(1 — (@/2!) + (0/4!) 
+ (1X h)(0— (@/3!) + (68/5!) 
=hh+(I—hh) cos 0+ (1 Xh) sin @, 
I+(cos @—1)(I—hh) +sin 0(1Xh) = 


which is equivalent to the operator sought. 


or 


* See E. T. Benedikt, J. App. Phys. 15, 613 (1944). 


Representation of Rigid Rotations 


LEON BESKIN 
Consolidated Vultee Aircraft Corporation, Allentown, Pennsylvania 
September 4, 1944 


HE very interesting article by Mr. Elliot T. Benedikt 

on the representation of rigid rotations* gives a 
remarkably simple expression of rigid rotations, which 
should eliminate the use of Hamilton's quaternions. The 
following demonstration of the relation 


r’=(exp 6x )r 


appears to be somewhat simpler than that of the author, 
and has the advantage of showing the geometrical origin of 
the formula. Considering the rotation 6 as an infinite sum 
of infinitely small rotations 


0/m=(0/m)h 


for each infinitely small rotation [which corresponds to a 
displacement perpendicular to both vectors 8 and r(n6/m), 
the latter being obtained after m rotations 6/m], it can 
be written 
(n+1)0/m]=r'(n0/m)+ (0/m) 
=[1+(0/m) x Jr’(n6/m) 
=[1+(0/m) x 


r’=lim [1+ (0/m) x 


Thus 


Developing the infinite product, it can be shown, exactly in 
the same manner as in conventional calculus, that the 
infinite product is equal to an infinite sum, which is the 
definition of the exponential. This proves the relation 


r’ = (exp 6 )r. 


* See E. T. Benedikt, J. App. Phys. 15, 613 (1944). 
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Contributed Original Research 


On the Silica Replica Method of Surface Examination with the Electron Microscope 


R. F. BAKER AND F. H. NICOLL 
RCA Laboratories, Princeton, New Jersey 


(Received August 17, 1944) 


An essential step in the making of a silica replica by the Heidenreich technique consists in 
the evaporation of silica in a high vacuum. An alternate method for depositing silica has been 
investigated and is discussed in this paper. This method consists in the chemical deposition 


of silica from the compound SiC). 


N the last few years a number of techniques 

for making replicas for the electron micro- 
scope observation of surfaces have been de- 
scribed.!~4 

One of these methods, originated by Heiden- 
reich .and Peck, has met with considerable 
success, and is finding increasing application 
particularly in the field of metallurgy. Obtaining 
replicas by this technique is a two-stage process. 
Polystyrene is first molded, at high temperature 
and pressure, to the surface of the specimen. 
After the excess polystyrene has been trimmed 
away, the remainder of the block is separated 
from the specimen either by dissolving the 
specimen or by mechanically splitting off the 
polystyrene block. This provides a negative im- 
pression of the surface in the polystyrene. Silica 
is then evaporated in a high vacuum chamber 
onto the polystyrene surface, forming a thin film, 
which when removed in a suitable solvent and 
mounted on a fine metal screen is ready for 
observation in the electron microscope. 

The evaporation of silica when properly carried 
out is not at all difficult. However, it does require 
—in addition to expensive vacuum and electrical 
equipment of a type not found in many labora- 
tories—a familiarity with high vacuum tech- 
niques. In view of this the authors realized that 
the silica replica technique would be made 
available to a larger group if the evaporation step 


1H. Mahl, Zeits. f. tech. Physik 21, 17 (1940). 
*V. K. Zworykin and E. G. Ramberg, J. App. Phys. 12, 
642 (1941). 


*V. J. Schaefer and D. Harker, J. App. Phys. 13, 427 
(1942). 


*R. D. Heidenreich and V. G. Peck, J. App. Phys. 14, 
23 (1943). 


VOLUME 15, DECEMBER, 1944 


could be simplified or eradicated. In addition, 
homogeneous silica films would be more widely 
used as specimen supports if their production 
were to be simplified. The fact that silica films 
are mechanically strong, thermally stable, and 


sufficiently structureless, and hence make excel- 


L 


Si Cl4 


Fic. 1. 
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Fic. 2(a). Frosted light bulb surface. Positive replica 
produced by chemical deposition of silica. 31,500. 


Fic, 2(b). Frosted light bulb surface. Positive replica 
produced by evaporation of silica. 31,500. 


lent specimen supporting films, has been pointed 
out by Heidenreich and Peck.‘ 

The purpose of this note is to describe some 
preliminary experiments which were made to 
determine whether or not silica could be de- 
posited chemically in a way which would be 
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satisfactory both for the production of homo- 
geneous support films and for the preparation of 
surface replicas. An attractive possibility ap- 
peared to be the production of SiO. by way of a 
chemical reaction involving a silicon compound, 
the SiO, being deposited on the polystyrene 
replica cither from the vapor or the liquid phase. 
Two factors are of. prime importance and must 
be controllable if the method is to be successful. 
These are the rate and uniformity of deposition 
of the resulting silica film. 

A hydrolysis reaction was chosen for these 
experiments because of its convenience. Of the 
several silicon compounds which lend themselves 
to a hydrolysis reaction, silicon tetrachloride 
was used chiefly because it happened to be cheap 
and readily available. The hydrolysis of silicon 
tetrachloride proceeds according to the reaction: 


SiCl,+2HOH—SiO.+4HCI. 


Silicon tetrachloride is a liquid at room tempera- 
ture, boiling at 59.6°C. 

The experimental problem of obtaining a silica 
film by this method is that of introducing the 
two components at suitable vapor pressure on to 
the polystyrene surface. The vapor pressures at 
the surface and any adsorbed water vapor on 
the surface obviously determine the time neces- 
sary to deposit a film of optimum thickness. 
Several techniques were tried and will be 
described. 

The first method tried was to dip the poly- 
styrene surface in SiCl, solution and then whirl 
it rapidly on a turntable in moist air. While 
this method might be useful in forming structure- 
less films on a smooth polished polystyrene 
surface, it has obvious disadvantages for making 
replicas because of the roughness of ‘the surface. 
No useful replicas were made by this method. 

Some attention was paid to the possibility of 
diluting the SiCl, with a wet organic compound 
and thus carrying out the reaction entirely in 
the liquid phase, but the speed of the reaction 
made this method impractical. 

In this connection it may be noted that some 
efforts were made to spread structureless silica 
films on a water surface in much the same manner 
as collodion films are spread using an amyl 
acetate solution. The water was diluted with 
ethylene glycol and a drop of SiCl,-amyl acetate 
solution was applied to the surface of the water 
solution with a medicine dropper. It was not 
found possible to attain a sufficiently low con- 
centration of water. In fact, the prevailing 
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atmospheric humidity was found to be a limiting 
factor emphasizing the need for strict air condi- 
tioning. Several methods of introducing the 
vapors directly on the polystyrene were tried. 
Two of these depended on atmospheric humidity 
to furnish water vapor. In the first a jet of SiCl, 
was directed at the surface. The speed of the 
reaction was attested to by the immediate for- 
mation of a white cloud of SiO, between the jet 
and the surface. In the second the polystyrene 
was supported a few centimeters above a dish 
containing SiCl,. Care was taken to eliminate or 
minimize thermal currents of air which would 
introduce irregularities. In both these methods 
the rate of film formation depended on the rela- 
tive humidity prevailing at the time. 

The final method used allowed more control. 
The apparatus used is shown in the schematic 
diagram Fig. 1. A is a bottle approximately 5 
inches in diameter and 10 inches high which 
contained a small volume of water and ethylene 
glycol. Through a hole in the bottom of this 
bottle a tube was sealed leading to a small bottle 
B, containing SiCl,. This bottle was removable 
by means of a threaded joint and the opening 
could be closed with a rubber stopper. The 
surface to be coated was supported at the end of 
a wire which had a rubber stopper at the other 
end. The length of the wire was such that the 
polystyrene was approximately }”’ from the 
upper end of the glass tube leading to the SiCl, 
bottle. The procedure used in depositing a film 
was to insert the specimen, which had been 
slightly warmed, in the bottle A and let it come 
to equilibrium with the water vapor for a few 
minutes. Then the stopper in the bottom was 
taken out and the SiCl, bottle quickly screwed 
into place. The rate of the reaction is controlled 
by the percentage of ethylene glycol in the water. 

As a time calibration of the method, it was 
found convenient to insert a piece of lead glass 
into the chamber. The time necessary to form a 
light brown interference color on the glass served 
to give a measure of the rate of reaction, and 
the deposition time for a film of any given 
thickness could then be calculated. 

As a test of the method a number of structure- 
less silica films were successfully deposited on 
fire-polished polystyrene. This showed first, that 
the method under proper conditions introduced 
no structure peculiar to itself and second, that 
the production of silica films to be used as 
specimen supports was feasible. As a further 
test a polystyrene replica was made of the inside 
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Fic. 3. Non-reflecting film on window glass. 31,500 . Posi- 
tive replica produced by chemical deposition of silica. 


surface of an ordinary frosted light bulb. The 
polystyrene was cut and quartz evaporated onto 
one-half in the usual way. The other half was 
treated as described. Electron micrographs of 
the resulting two silica replicas are shown in 
Fig. 2. 

Figure 3 is a replica of a portion of a non- 
reflecting film on window glass. The long parallel 
lines are apparently peculiar to the process of 
manufacture of the glass. The characteristic 
skeletonized structure of non-reflecting silica 
films® is seen superimposed on the parallel lines. 

Two types of failure were encountered (using 
the last method). The film did not always come 
off in the solvent in one piece but appeared to 
be colloidal in nature. Secondly, the film some- 
times exhibited a grainy structure. It is to be 
emphasized that the method described above 
did not give consistently reproducible results. 
In spite of this it was felt that publication was 
justified at this stage, primarily to call the 
general method to the attention of interested 
workers who may be able to bring to bear on the 
problem sufficient time and experience to refine 
the technique and make it generally useful and 
dependable. 

The authors wish to thank Dr. James Hillier 
for many helpful suggestions. 


°F. H. Nicoll and F. E. Williams, J. Opt. Soc. Am. 33, 
434 (1943). 
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X-Ray Measurement of Order in the Alloy Cu;Au* 


Z1IGMOND W. WILCHINSKYt 
Massachusetts Institute of Technology, Cambridge, Massachusetts 


(Received July 18, 1944) 


X-ray diffraction theory is developed for the evaluation of long range order and short 
range order in the alloy Cu;Au, and experiments are described whereby each type of order 
was measured. Values of the long range order parameter S were found to be 0.86 for 250°C, 
0.81 for 370°C, and 0.79 for 380°C, the samples being held at elevated temperatures during 
the x-ray exposures. At the critical temperature T7,=388°C, S suddenly dropped to zero. 


Above T, short range order was found to exist, the amount present being specified by a set 

of parameters o; which are associated with the interatomic distances r;. The dominant short 

range order —— o:, referring to nearest neighbors, was evaluated as 0.50 for 540°C 
5 


and 0.25 for 750°C. 


DIFFRACTION THEORY FOR LONG RANGE ORDER 


N the study of long range order in CusAu by 
the x-ray powder method one encounters two 
sets of lines (see Fig. 1). One set, which is 


Fic. 1. Powder patterns for (A) ordered Cu;Au and (B) 
disordered Cu;Au. 


independent of order, will be referred to as the 
fundamental lines. The other set, the super- 
structure lines, appears only when long range 
order is present, the intensity of any line in this 
set being a simple function of order. Hence, by 
comparing the intensity of a superstructure line 
with that of a fundamental line, one can evaluate 
the degree of long range order present. 

A theoretical approach to the problem can be 
conveniently made by considering a face-centered 
cubic lattice. Let the face centers be designated 
as a-sites and the cube corners as §-sites. If in 
an alloy of composition A;B, all the A atoms are 


* Extract from a thesis submitted in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy 
in Physics at the Massachusetts Institute of Technology. 

t Now at the Radiation Laboratory, Massachusetts 
Institute of Technology. 
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placed upon the a-sites and all the B atoms upon 
the 8-sites, perfect order will result. For partial 
order only a fraction 7, of the A atoms are on the 
a-sites and a fraction rg of the B atoms are on 
the B-sites. In terms of 7. and rg Bragg and 
Williams' defined the long range order parameter 
S in such a manner that S=1 for perfect order, 
S=0 for utter lack of long range order, and S 
has intermediate values for degrees of order 
between these extremes. Applying this definition 
for long range order to the alloy A;B, one obtains 


(1) 


For the alloy A;B with any degree of order, 
the structure factor F is 


+ {faratfa(1—ra)} {exp (tr{h+k}) 
+exp (ir{k+l1})+exp (ix{l+h})}, (2) 


where fa, fs are the atomic scattering factors and 
h, k, lare the Miller indices. The structure factor 
for a fundamental line arising from a combination 
of all odd or all even Miller indices is 


Fruna=3fat fr. (3) 


For a superstructure line the indices h, k, 1, are 
mixed odd and even, and the structure factor is 


(4) 


With the help of Eq. (1), we can rewrite Eq. (4) 
in terms of S, 


Fe=(fa—fa)S. (5) 


!W. L. Bragg and E. J. Williams, Proc. Roy. Soc. A145, 
699 (1934). 


JOURNAL OF APPLIED PHYSICS 


F 
+ on 
“a 
> 
LA 
. 
4 
a 
) 
~ 
G 


To obtain a practical explicit expression for S, 
it is necessary to state the general experimental 
conditions under which one wishes to make the 
observations. In the experiments described in 
this paper, a flat opaque sample of Cu;Au powder 
was placed centrally in a Debye-Scherrer camera, 
the x-ray beam making a grazing angle @ with 
the plane of the sample. For a superstructure 
line, the power per unit length of line (integrated 
intensity) is then given by* 


ee +cos? 26) | 
256rm?’c'R sin 6 sin 26 
a sin sin (20—¢) 


usin @+sin (26—¢) 


where 
N=number of atoms per unit volume 
of crystal, 
M-=multiplicity for a powder pattern, 
exp (—w?k?)=correction for temperature vibra- 
tion of the atoms,” * 


u?=mean square of the component of 
atomic displacement normal to 
the reflecting plane, 

k=4r(sin 6/X), 

a=area of the sample illuminated by 
the x-ray beam, 

u=linear absorption coefficient. 


and 


The first bracket in Eq. (6) is the value of the 
integrated intensity for a unit volume of crystal- 
line material if one neglected temperature effects 
and absorption of radiation in the sample. The 
third bracket accounts for the absorption of the 
incident x-rays as they penetrate the sample and 
for the absorption of the emerging rays diffracted 
frem the interior of the sample. (See appendix 
for details.) For a fundamental line, the inte- 
grated intensity is 


Toe*h?NN?M (faut3fou)?(1+ cos? 26) | 
sin 6 sin 20 


Prtuna = 


a sin sin (206—¢) 
sing+sin (20—¢) 


Dividing Eq. (6) by Eq. (7) one eliminates most 
of the troublesome constants, and obtains an 
expression that can be evaluated experimentally 
according to the following procedure. From a 
microphotometer trace of the diffraction photo- 
graph, an intensity curve-in arbitrary units is 
constructed. On this curve, a powder pattern 
line appears as a region of high intensity, the 
area A under this intensity peak being propor- 
tional to the integrated intensity P. Hence 


Pru Ass 


= ’ 
Prone A fund 


(8) 


26) sin (20—¢) 
A sin 6 sin 26 (sin ¢+sin {20—¢}) 


St= 


exp 


fund 


(9) 


26) sin (26—¢) 
A sin @ sin 26 (sin ¢+sin {26—9}) 


The value of u? can be obtained in an analogous 
manner from the integrated intensities of two 
fundamental lines. 


EXPERIMENTAL RESULTS FOR LONG 
RANGE ORDER 


A Debye-Scherrer type vacuum camera of 


* The integrated intensities of the superstructure lines 
are indenuamioat of any antiphase domains which may 
be fae A proof of this, which has been developed by 
B. E. Warren, will be published later. 
( _ and R. W. James, Proc. Roy. Soc. A117, 214 
1 
3W. H. Zachariasen, Phys. Rev. 57, 597 (1940). 
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radius R=4.45 cm was fitted with a small 
electric furnace so that the samples could be 
maintained at elevated temperatures during 
exposures. X-radiation consisting of the Cu Ka 
lines monochromated by reflection from a rock- 
salt crystal, impinged upon the sample at a 
glancing angle of about 15°, the angle being 
measured to within 0.1° in each case. For 
evaluating S, the superstructure line 210 and the 


fundamental line 200 were chosen, while u? was 
evaluated from the fundamental lines 200 and 
220. In order to measure the 200 line conveni- 
ently, it was found helpful to attenuate this line 
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to 0.502 of its original intensity by means of an 
aluminum mask. The final experimental results 
are listed in Table |. In Fig. 2 these experimental 


Tas_e I. Experimental results for long range order. 


Temperature Au 
°C 


Atund 
250 0.249 15.0 0.038 0.86 
370 0.205 14.5 0.062 0.81 
380 0.202 14.5 0.053 0.79 


results are compared with the theoretical pre- 
diction of Peierls** and Bragg and Williams." ® 

As a supplement to the main experiments, the 
critical temperature 7, was determined photo- 
graphically. From electron diffraction experi- 
ments, Germer, Haworth, and Lander® observed 
that the superstructure lines began to be grad- 
ually less prominent at 300°C and finally disap- 
peared at 370°C. By other methods, various 
experimenters found T, to lie between 385°C and 
394°C and to appear at a well-defined discon- 
tinuity between the ordered and disordered 
states. The x-ray diffraction photographs used in 
determining 7, are shown in Fig. 3. One observes 
that at 386.0°C, the superstructure lines are 
prominent, at 387.5°C these lines are very faint, 
and at 389.0°C they have disappeared com- 
pletely. From these observations, the probable 
value of 7. is estimated to be 388°C. It can be 
conservatively stated that the temperatures are 
correct to within 5°C although the precision 
with which the temperature could be read was 
0.1°C, and the temperature fluctuation during 
exposures was less than +0.2°C. From the fore- 
going observations it is reasonable to conclude 
that the x-ray diffraction method of investi- 
gating the transition from order to disorder is in 
general agreement with most of the other meth- 
ods with regard to the value of 7’., and that this 
transition is found to be quite abrupt. 


DIFFRACTION THEORY FOR SHORT 
RANGE ORDER 


The following development is based on the 
assumption that long range order is not present. 
It will be shown that for a powder pattern, the 


4R. Peierls, Proc. Roy. Soc. A154, 207 (1936). 

’F. C. Nix and W. Shockley, Rev. Mod. Phys. 10, 1 
(1938). 

*L. H. Germer, F. E. Haworth, and J. J. Lander, 
Phys. Rev. 61, 93 (1942). 
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diffracted x-radiation consists of a set of crystal- 
line reflections, the fundamental lines, super- 
imposed on a diffuse background, the amount of 
short range order being evaluated from this 
background. For a convenient starting point, 
one can choose the equation 


sin kriv 


ri 


where J is the intensity of diffracted radiation in 
electron units, k is (4m sin 6)/A, and ry is the 
distance between the /th and the /’th atoms. 
Equation (10) can be put into a more usable 
form by re-arranging the terms according to the 


b 

i 
Ze 

| | | 

250 300 350 400 
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Fic. 2. Long range order parameter S as a function of 
temperature: (a) experimental, (6) Bragg and Williams’ 
theory, (c) Peierls’ theory. 


values of 7... Let the distance between nearest 
neighbors be designated 1:1, between second 
neighbor rz, etc. An atom of type B in the 
alloy A;B will have on the average, say n; 
neighbors of type A at distance r;, the total 
number of ith neighbors being designated by c;. 
For interatomic distances r;>r,, where m is 
sufficiently large, it will be assumed that a con- 
dition of randomness exists. Finally, let No be 
the total number of diffracting atoms. In terms 
of the above notation and with the help of 
elementary statistical consideration, one can 
express the probability that fify is fafa, fafs, or 
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3 fafs. Incorporating these concepts into Eq. (10) 


one obtains, 


sin kr; 
[= fifv +E fifu— 
sin kr, 
kr; 


i>m 


= (Noli fa? + ifn?) — Noli fat ifs)? } 


1 n; Ci— Nn; 

fn) 
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kr; 


sin kr; 
4 
i=1 kr; 


2) 


at fr) 


+| No 


i=1 


sin kr; sin kri| 


X—— + 2 fat 
k kr; | 


>m 


— fp)? 


m 4n,\ sin kr; 


i=1 C; kr; 


3 No 
=—No(fa — fa)?>+—(fa 
16 16 


n kriv 


(11) 
or abbreviating, 


I= NoIrn+Nolsrot+CR (12) 
where 


Ir= ve(fa—fe)*, 


4n;\ sin kr; 
Isno= fn)? ) 
i 16 C3 kr; 
and 
sin 


The term Jp is a diffuse scattering owing to a 
condition of randomness, that is, lack of long 
range order; J sro is a fluctuating diffuse scatter- 
ing owing to the presence of short range order ; 
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and CR represents a set of crystalline reflections, 
namely, the fundamental lines. 

A complete expression for the total background 
intensity J, must include a Compton modified 
scattering term J¢ and a temperature diffuse 
scattering term /7. Hence 


all quantities being in electron units per atom. 
The expression used for [7 is* 


(—wk?)}. 


This expression for J 7 follows from the old theory 
of the temperature diffuse scattering. It is taken 
as a good| enough approximation for this work 
since we are not interested in the form of the 


(13) 


Fic. 3. Diffraction 
critical temperature. 
temperatures (A) 386°C, (BD 387.5°C, (C) 389.0°C, 


hotographs for determining the 
om les were held at elevated 


diffuse scattering in the vicinity of a diffraction 
maximum. 

The degree of short range order may be defined 
by a set of parameters o; such that ¢;=0 for 
total disorder and o;=1 for perfect order. Con- 
sidering the crystal structures of CusAu in terms 
of four interpenetrating simple cubic lattices we 
can write 


4n; 


—3 (14a) 


Ci 


when the ith neighbors are not on the same 
simple cubic lattice as the reference atom, and 


4n; 
o;=1--— 


3 ¢; 


(14b) 


when the ith neighbors are on the same simple 
cubic lattice as the reference atom. Thus 


4 Nn» nN3 
3, o2=1--—, o3;=4——3, etc. 
3 C2 C3 
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Fic. 4. Powder patterns used in the study of short range 
order. Photograph (A) is for sample quenched from 340°C, 
(B) for sample quenched from 750°C, and (C) for ordered 
sample. The 200 line in each case was attenuated to 0.251 
of its original intensity by an aluminum mask. The 
fluctuating diffuse background in (A) indicates presence 
of short range order. 


It can be easily verified that o; is the short range 
order parameter o as defined by Bethe.’ For 
convenience in continuing the analysis let 


4n, 
16 


sin kr; 
Isro=(fa—fp)* Pi (15) 


then 


Replacing the summation by an integral, one 
obtains 


sin kr 
dr (16) 
kr 


I sro= f 4nr*p(r) 


and 


4a f rp(r) sin kr 
0 


k 
(17) 
(fa— fe)? 


Equation (17) can be solved for p(r) by the 
methods of Fourier integral analysis.** Finally 


16 
| 4ar’p(r)d 18 
ar’p(r)dr (18a) 


7H. A. Bethe, Proc. Roy. Soc. A150, 552 (1935). 

8 F. Zernicke and J. A. Prins, Zeits. f. Physik 41, 184 
(1927). 

*G. C. Danielson and C. Lanczos, J. Frank. Inst. 233, 
365, 435 (1942). 
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corresponding to Eq. (14a) and 
16 
(18b) 
3c; 


corresponding to Eq. (14b), the integrals being 
evaluated in the neighborhood of r;. 


EXPERIMENTAL RESULTS FOR SHORT 
RANGE ORDER 


The samples used for the determination of 
short range order were quenched from elevated 
temperatures and diffraction patterns were ob- 
tained from the cold samples. In order to elimi- 
nate the possibility of fluorescence Au radiation 
fogging the photographic film, the radiation from 
a copper target was reflected from a fluorite 
crystal* so that only the strong Cu Ka lines 
entered the camera. In other respects, the set-up 
was the same as that used for the determination 
of long range order. 

An endeavor was made to arrange the experi- 
mental conditions to facilitate the observation 


Fic. 5. Microphotometer traces of photographs shown 
in Fig. 4. Trace (A) is for 540°C, (B) 750°C, (C) ordered 
sample. 


*If rocksalt were used to reflect the Cu Ka lines 
(A= 1.54A) from the 200 planes, then \=0.77A from the 
continuous spectrum would also enter the camera. Since 
the L; critical absorption wave-length for gold is 0.86A, 
fluorescence gold L; radiation would be produced under 
these conditions. The 111 planes of fluorite, on the other 
hand, will reflect \=1.54A strongly, and \=0.77A very 
feebly, thus greatly minimizing the excitation of the 
fluorescence gold L; radiation. 
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of short range order effects. An examination of 
the summation in Eq. (15) shows that the leading 
and dominant term has a maximum near 6= 12°. 
In order to include this significant region on the 
diffraction patterns, each sample was placed so 
that the x-ray beam made a grazing angle ¢ of 
about 12° with the plane of the sample. To 
insure backgrounds of sufficient density on the 
diffraction photographs, the samples were about 
two millimeters wide and the exposure times 
were in the neighborhood of 100 hours. 
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F1G. 6. Background intensities Jg are broken down into 
their components Ic, Ir, Ir, and Isro. Ordinate scale I is 
in electron units per atom, and abscissa is in units of 
k=4(x/d) sin 6. For the ordered sample, it was found that 
Ig=Ict+TIr. 
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Fic. 7. Result of Fourier integral analyses of the curves 
Isro, Fig. 6. The interatomic distances r:, 72, and rs; are 
indicated. 


In Fig. 4 are the photographs used in the study 
of short range order and in Fig. 5 are their 
respective microphotometer traces. In each case 
the 200 line was attenuated by a factor of 0.251 
so that its integrated intensity could be con- 
veniently measured. The method employed to 
measure the background intensity can be out- 
lined most easily with the help of the following 
equations. 


Ipe*N 1+ cos? 20a 
m*c4R? 2° 


sin sin (26—¢) 
x 
sin @+sin (20—¢) 


=KI' (19) 


and 


Paw=K I'dx, (20) 
200 


where J g,abs) is the total background in absolute 
units, J’ is the intensity in arbitrary units ob- 
tained from the microphotometer trace, K is the 
appropriate constant of proportionality whose 
value need not be known, P20 is given by Eq. 
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(7), x is the equatorial distance on the film, and 
the integral is taken between values of x asso- 
ciated with the 200 line. From the above equa- 
tions, Jz is readily obtained in terms of meas- 
urable quantities. Furthermore, since Jr, Ic, 
and Jr can be computed, it follows that J sro 
can be evaluated by Eq. (13). 

The quantities Jp, Ic, Ir, Ir, and Isro are 
shown graphically in Fig. 6. For the ordered 
sample the total background is just the sum of 
the Compton modified and temperature diffuse 
scattering. Fourier integral analyses were per- 
formed on the curves Isro using the methods 
proposed by Danielson and Lanczos,’ the results 
of the analyses being shown in Fig. (7). Values 
of o; were obtained in accordance with Eqs. 
(18a) and (18b). A summary of the experimental 
results for short range order is given in Table II. 


TABLE II. Experimental results for short range order. 


750°C 13.3° 0.030 0.25 0.05 0.03 
540°C -° 10.7° 0.040 0.50 0.13 0.03 
(Ordered) 11.15° 0.011 


DISCUSSION 


Comparison of experiment with theory for 
long range order, Fig. 2, shows that the experi- 
mental results are in somewhat closer agreement 
with Peierls’ theory than with Bragg and Wil- 
liams’ theory. However, in view of the prelimi- 
nary nature of the experiment, it is not possible 
to judge adequately any of the theories. 

The experimental results for short range order 
are in general agreement with theory. In each 
case the background intensity was adequately 
accounted for, and the degree of short range 
order was found greater for 540°C than for 
750°C. It can be seen that the maxima and 
minima of the curves 4mr’p(r) (Fig. 7) occur 
very nearly at 7;, 72, and 73, the interatomic 
distances, and that the necessary condition ¢;>0 
is fulfilled in each case. 

These experiments on order should be regarded 
as being of an exploratory nature and not 
necessarily very accurate as to the numerical 
values obtained. They do indicate, however, that 
the methods proposed are valid and feasible. 


With refinements in experimental technique, one 
should be able to obtain reliable results for both 
long range order and short range order. 
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APPENDIX 
Absorption Correction for Flat Samples 


Let Po be the integrated intensity per unit volume on 
the basis of no absorption. Then from Fig. 8 we see that 


Fic. 8. Diffraction of x-rays by reflection from a plane 
opaque powder sample. 


the diffracted power contributed by the elemental slab dx 
is dP =Pyexp (—p{si+52})dV. The elemental volume 
dV =adx, s;=x/sin S:=x/sin (26—@), hence 


in sin (26— 
P=aPoJ, exp (= 
=Pé sin sin (20—¢) 
usin d+sin (206—¢) 
The tacit assumption made that the sample contains no 


interstices between the crystal particles does not alter the 
final result in this case. 
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A New Experimental Approach to the Study of Boundary Lubrication 


E. N. Dacus, F. F. Coteman, anp L. C. Rogess 
Beacon Research Laboratories, The Texas Company, Beacon, New York 


(Received August 4, 1944) 


A description is given of apparatus for measuring the relative ability of rubbed-down mono- 
layers of polar lubricants to maintain low friction under test conditions which do not permit 
replacement of the lubricant. This quality of a lubricant is called its ‘‘durability.”’” The clean 
polished rim of a slowly rotating steel wheel rubs on the monolayer deposited on a polished 
steel flat. An account is given of the preparation of the surfaces and films. It was not found 
possible to prepare reproducible test surface-monolayer combinations, hence it was necessary to 
compare each lubricant with a standard deposited on a separate area of the same surface. 
Significant differences are found in the relative durabilities of a number of polar compounds. For 
the monocarboxylic acids tested, the values are found to increase with the number of carbon 
atoms per molecule. An investigation of the stability of rubbed-down monolayers on polished 
stainless steel shows that aging in a desiccator causes a continuous decrease in durability, and 
also a decrease in molecular orientation as shown by electron diffraction. Similar reduction of 
durability and orientation results when the film is flushed with a fine stream of benzene. On 
chromium also the orientation is destroyed by the solvent, but the durability is not changed. 


INTRODUCTION 


HEN two lubricated surfaces slide over 

each other, one can always choose high 
enough values of the pressure between them, and 
low enough values of the relative sliding speed, 
to make it impossible for a truly fluid film of the 
lubricant to form. The term “‘boundary lubrica- 
tion’’ applies to the condition in which the 
lubricating film is not thick enough to prevent 
contact between the rubbing surfaces. It differ- 
entiates between ‘‘fluid-film” or ‘‘hydrodynamic”’ 
lubrication, and the condition in which the 
surfaces are so close together as to influence 
directly the physical properties of the lubricant. 
In fluid film lubrication, viscosity is the only 
property of the lubricant which affects the 
frictional forces. In boundary lubrication, the 
frictional forces are essentially independent of 
viscosity. For a recent review of boundary 
lubrication see Beeck.! 

Inasmuch as boundary conditions are encoun- 
tered in one form or another in almost all 
lubrication problems, the study of boundary 
lubrication has been considered of great impor- 
tance for many years. Boundary lubrication 
conditions are most easily obtained in laboratory 
tests by using, as one rubbing member, a slider 
(usually rounded or hemispherical) that pene- 
trates the lubricating film. This principle has 
been employed in practically all investigations. 
Recent examples are Langmuir,? Claypoole,** 
and Bowden et al.*® 

10. Beeck, J. App. Phys. 12, 512 (1941). 

2 I. Langmuir, J. Frank. Inst. 218, 143 (1934). 


*W. Claypoole, Trans. A. S. M. E. 61, 323 (1939). 
*W. Claypoole, Trans. A. S. M. E. 65, 317 (1943). 
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LUBRICANT DURABILITY 


The investigation of the action of lubricants 
in boundary lubrication may be divided arbi- 
trarily into two phases: 

1. The measurement of the coefficient of friction 
during sliding under conditions which permit 
replacement or redistribution of the used lubricant. 
Such conditions are encountered when the smaller 
of two rubbing surfaces is in continuous moving 
contact with a larger surface, which carries the 
test lubricant. The smaller surface continuously 
moves into a lubricated area of the other rubbing 
surface, and picks up, carries along, and redis- 
tributes lubricant from the areas over which it 
passes. The conditions governing this replace- 
ment are determined predominantly by the 
mechanical arrangement of the apparatus, and 
only slightly by the properties of the lubricant. 

2. The measurement of the coefficient of friction 
under conditions which permit essentially no re- 
placement or redistribution of the used lubricant. 
Such conditions are encountered when lubricant 
not more than a few molecular layers thick is 
carried by the smaller of two rubbing surfaces 
and no lubricant is carried by the larger. If the 
mechanical arrangement does not permit previ- 
ously used regions of the larger surface to come 
into contact with the lubricated surface, the 
test will measure a unique quality of the lubri- 
cant. 

This paper is concerned exclusively with a 
study of the second phase. The property of a 

5 F. P. Bowden and L. Leben, Proc. Roy. Soc. A169, 371 


(1939). 
6 F. P. Bowden and L. Leben, Phil. Trans. 239, 1 (1940). 


813 


ee 
j 
i 
+ | 
3 
J 
4 
o J 


boundary lubricant which enables it to keep the 
coefficient of friction low under these conditions 
is called by us its ‘‘durability.”"** A more exact 
definition is given below. Because of the mobility 
of the molecules in a lubricating film even as 
thin as a few molecular layers, the second phase 
can be experimentally realized most satisfactorily 
by use of a lubricant film of the order of one 
molecule thick. A new apparatus which has been 
developed specifically for the investigation of 
the lubricant durability problem is described. 
Some of the results obtained on the durability of 
very thin films are presented and some interesting 
and apparently new properties of monolayers of 
polar lubricants are discussed. 


THE LUBRICANT DURABILITY APPARATUS 


Figure 1 is a simplified schematic diagram of 
the lubricant durability apparatus, showing only 
its essential elements. The clean, polished rim of 
a slowly rotating steel “friction wheel ..s one 
rubbing member, and a small flat steel “test 
specimen” is the other. A monomolecular layer 
of the lubricant to be tested is deposited on the 
lower face of the test specimen by a method to 
be described later. 

When in position, the test specimen forms part 
of a rigid balance assembly to which are fastened 
two diamond hemispheres which bear on glass 
microscope slides. When the assembly is balanced 
in a horizontal position by adjusting the movable 
weight at its right end, the face of the test 
specimen just touches the upper edge of the 
rim of the friction wheel. Any weight subse- 
quently added to the balance assembly directly 
above the point of contact between the wheel 
and the specimen constitutes the entire load on 
the lubricant film. This load has been chosen to 
be 100 grams. 

The direction of rotation of the wheel, whose 
angular speed is 1/30 r.p.m., is such that the 
frictional force between it and the specimen 
tends to drag the whole balance assembly toward 
the left in Fig. 1. Movement of the assembly is 
prevented only by the frictional force of its 
diamond supports on the glass slides. This fric- 
tional force determines the maximum coefficient 
of friction between the friction wheel and the 
test specimen. 

If the diamond-on-glass frictional force is 
larger than the initial frictional force between 


* Claypoole, reference 3, has applied the term ‘“wear- 
ability” to a boundary lubrication test which belongs to 
phase 1, above. 
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the friction wheel and the test specimen, the 
balance assembly does not move when the rota- 
tion of the wheel is started. For a certain period, 
therefore, the rim of the friction wheel continues 
to rub against one small area of the test specimen. 
This wiping action of the clean rim slowly wears 
off lubricant and carries it out of that area, 
causing the frictional force there to rise continu- 
ously. In a very short time it reaches the value 
of the diamond-on-glass frictional force. At that 
instant the diamonds slip, and the contact region 
on the test-specimen shifts. 

If the test were stopped at this point, the total 
angle of rotation of the friction wheel would 
serve as 4 measure of the ability of the lubricant 
initially present in the rubbing area to resist 
removal and to maintain the frictional force 
there below the diamond-on-glass value, i.e., to 
limit the coefficient of friction to a known value. 
However, the test would have been conducted on 
a very small area of the test specimen surface, 
and the angle of rotation of the friction wheel 
would likewise be small, so that the sensitivity 
and reproducibility would be poor. 

If the test is allowed to proceed, however, slip 
of the diamonds allows the test specimen to 
move forward and place a fresh area of its 
lubricant-covered surface in contact with the 
moving rim of the friction wheel. The frictional 
force then drops below that between the dia- 
monds and the glass, and slip between the 
wheel and the specimen occurs once more. 
The cycle just described may be repeated con- 
tinuously until the test specimen has been 
dragged through any desired distance, provided 
that the wheel has not made a complete rotation. 
The angle of rotation for the entire test can then 
be used as a measure of the lubricant’s durability, 
and the advantage of integrating or averaging 
the frictional phenomena over a track of con- 
siderable length on the test specimen is gained. 

Obviously the wheel must not be used for 
more than one complete revolution before being 
repolished and cleaned, since the contamination 
picked up on its surface would then be fed back 
into the rubbing area. Normally, ten to twenty 
tracks of a convenient length, each equivalent 
to 10 degrees rotation of the wheel, can be 
tested within one revolution. 

The durability is defined by the following 


equation : 


S Slip 
d= —=—= (1) 
6; 6; Track length 
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Fic. 1. Schematic diagram showing only the essential 
elements of friction wheel durability apparatus. 


In Eq. (1), 62 is the wheel rotation (degrees) with 
the lubricant present, and 6, is the wheel rotation 
(degrees) with no slip between the wheel and the 
test specimen, i.e., 6; is the track length expressed 
in degrees. The difference 6.—6,=S is called the 
slip. It is obvious that d depends upon the 
frictional force between the diamond supports 
and the glass slides, increasing as this force 
increases. A convenient value for this force, 
namely, 20 grams, has been chosen in most 
experiments, so that the maximum coefficient of 
friction between the friction wheel and test 
specimen is usually 0.2. 


EXPERIMENTAL DETAILS 


Figure 2 is a schematic drawing showing details 
of the apparatus. The test specimen (A) is a 
15-mm square. stainless steel interferometer 
mirror,* which was selected because of its ability 
to take a very high polish. Its hardness is 
tempered to about 400 diamond Brinell. The 


* Obtained from the Gaertner Scientific Corporation, 
Chicago, Illinois, with an initial hardness of 665 diamond 


Brinell. 
As 
ta 


CROSS SECTION 
AT RIM OF 
FRICTION WHEEL 


square, sharp-edged, longitudinal slot divides the 
face of the test specimen into two equal areas 
which are used in making the relative durability 
measurements described below. The test speci- 
men slides in dovetailed ways provided in the 
specimen holder (B) of the balance assembly (C). 
A metal tab (D) soldered to its top face serves as 
a holder during cleaning and as a bearing for an 


-adjustment screw (E). 


The friction wheel (F) is made of S.A.E. 
52-100 steel, and has a hardness of about 800 
diamond Brinell. Its diameter is 1? inches and 
the shape of its rim is shown in cross section (G) 
on Fig. 2. The cusps have an important function 
which will be described later. The friction wheel 
is fitted on a steel shaft supported on preloaded 
ball-bearings in a mount that can be detached 
from the apparatus, as shown on Figs. 3 and 4. 
All wobble of the vertex of the rim, which has a 
radius of curvature of 0.015 inch, is removed by 
grinding under a microscope while the friction 
wheel is driven in its own mounting. It is 
extremely important that the surface of the 
wheel be very clean and highly polished, so that 
final shaping, polishing, and cleaning of the rim 
are done just prior to each use of the wheel. 

From the time it is cleaned in preparation for 
a series of tests, and until the tests have been 
completed, the friction wheel is enclosed in a 
transparent plastic housing (shown in Fig. 4) 
through which is circulated a dry inert atmos- 
phere. An inverted plastic trough is used to 
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Fic. 2. Schematic diagram of friction wheel durability apparatus. 
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protect the exposed tip of the friction wheel rim 
from contamination during adjustment of the 
test specimen. During operation, and for 30 
minutes prior to starting a series of tests, both 
the test specimen and the tip of the friction 
wheel rim are enclosed in a third plastic case. 
A clean dry atmosphere was found essential. The 
test is particularly sensitive to contamination of 


| 


Fic. 3. Friction wheel durability apparatus. 


the surface of the wheel rim by the laboratory 
air and to variations in the humidity of the 
atmosphere surrounding the test film. 

The angle of rotation of the friction wheel is 
measured by means of the telescope, mirror, and 
scale shown on Fig. 3. The mirror is locked to 
the wheel shaft by its knurled thumb-screw 
handle, and can be set to give a zero reading on 
the scale before each test. The curved scale is 
graduated in one-half degree divisions, and 
readings are estimated to 0.1 degree. 

An indexing wheel (M), having 100 equally 
spaced divisions around its rim, slips on and is 


locked to the friction wheel shaft outside the : 


wheel mount (see Figs. 2 and 3). A fixed pointer 
(H) shown on Fig. 2 makes it possible to record 
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for future reference the particular arc of the 
friction wheel rim which is used in each test. 

The wheel mount slides into lateral ways on a 
carriage which is adjustable vertically by means 
of a rack and pinion. The fine lateral adjustment 
required for accurate alignment of the friction 
wheel rim with the central plane of the balance 
beam is provided by a micrometer head. The 
carriage supports a Telechron motor (T) with 
reducing gears to drive the shaft of the friction 
wheel at a speed of 1 revolution in 30 minutes. 
The peripheral speed of the wheel is 0.183 
inch per minute. 

Adjustable stops (J) limit the travel of the 
balance assembly and determine the length of 
the test tracks. They are adjusted so that the 
total track length corresponds to a wheel rotation 
of 10.0 degrees. When the contact (K) on the 
balance assembly touches the left-hand stop in 
Fig. 2, the amplifier causes the relay to open the 
driving motor circuit, automatically stopping 
the test. 

As shown in Fig. 2, the balance assembly 
consists of the specimen holder (B), the guide 
plates (L), the diamond-glass friction device, a 
counterpoise (N), a weighted vertical member 
(O) for lowering its center of ‘gravity, and a 
metal shutter (P). All longitudinal forces on the 
balance assembly act horizontally in the plane 
of the specimen surface. 

The specimen holder has horizontal ways into 
which the test specimen slides, and in which it 
can be locked. The lateral position of the test 
specimen in the holder is controlled by an 
adjustable thumb-screw (E), which makes pos- 
sible the repetition of the durability test on a 
large number of closely spaced parallel tracks on 
its surface. 

It is important that there be no lateral motion 
of the balance assembly during test. To accom- 
plish this while keeping frictional forces negli- 
gible, use is made of four adjustable diamond- 
button guides (Q) which bear lightly on four 
polished hardened steel guide plates (L) fastened 
to the sides of the balance beam. These guide 
plates are surface ground in place on the balance 
beam in order to insure that their faces are 
parallel. Diamond was selected for the button 
material because of its low coefficient of friction 
on unlubricated polished steel which previously 
had been established in this laboratory (Clay- 
poole).* For precise adjustment of the guides, 
the balance beam is suspended by fine threads, 
and the positions of the diamond buttons are 
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adjusted so that the balance beam will just 
swing freely between them. 

The diamond-on-glass friction device is an 
essential feature of the apparatus. Its function 
is to limit the coefficient of friction between the 
friction wheel and the test specimen to a pre- 
determined maximum, without causing any 
motion of the test specimen. While a variety of 
limiting methods could be used, the last condition 
can be met only by a system in which some form 
of frictional force is predominant. 

The diamond hemispheres attached to the 
balance beam rest on glass microscope slides set 
in a Bakelite block on the frame of the apparatus 
(see Figs. 2 and 3). The diamond-on-glass combi- 
nation was selected because of its especially 
uniform coefficient of friction, which was estab- 


lished by a series of separate tests. This uni- 


formity is increased if the surface of the glass is 
run in by sliding the diamonds back and forth a 
few times under an increased load, and is main- 
tained by flooding the glass surfaces with white 
medicinal oil. 

The value of the frictional force opposing the 
motion of the test specimen is measured by 
means of the pulley and weight system (S) shown 
in Fig. 2. Any compensating adjustments neces- 
sary to maintain the total limiting force at a 
chosen value are made by the same system. 

From the constant test load of 100 grams and 
the known radii of curvature of the friction wheel, 
it has been calculated by use of the Hertz theory 
that the maximum pressure in the rubbing area 
is 130,000 p.s.i. 

If the test specimen and friction wheel surfaces 
are uniform, and if the lubricant film is uniform, 


the test specimen will be moved along by the 
friction wheel at a sensibly uniform rate. Actu- 
ally, the motion of the test specimen proceeds in 
jerks, but these jerks are so small and so frequent 
that careful observation under a microscope is 
necessary to note them. If the friction wheel or 
the test specimen surfaces are non-uniform and 
if contamination of any sort is present to change 
the rate of motion of the test specimen, the 
observed durability will be incorrect. In general, 
such a change is not detectable by visual obser- 
vation, because the specimen motion is too slow. 
Therefore, in order to determine the nature of the 
motion executed by the test specimen, a photo- 
electric device for recording its travel is used. 

The principle of the photoelectric device, 
which is indicated schematically in Fig. 2, and 
whose housing is shown at the right of Fig. 3, is 
extremely simple. One of the essential features 
is that it does not affect the motion of the 
balance beam. A shutter (P) attached to the 
balance beam intercepts an increasing fraction 
of the light passing through a fixed rectangular 
opening (R) as the beam moves forward, and so 
varies the amount of light that falls on a photo- 
tube. Unchanging distribution of the light over 
the photo-tube is accomplished by a lens (not 
shown in Fig. 2) at the shutter. Variations in 
the output of the photo-tube are amplified, and 
recorded by a ‘‘Micromax”’ recorder. Electronic 
voltage control is provided for the d.c. light 
source. Since the friction wheel and the chart of 
the Micromax are driven at constant rates, 
length along the chart represents angular rota- 
tion of the friction wheel. 

This recorder has proved invaluable. A satis- 


Fic. 4. Friction wheel—mount 
and case. 
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factory test is indicated by a straight line on the 
record. The presence of local breaks or jogs in a 
straight line indicates that lint or particles of 
dust or other foreign matter have interfered. 
Such a test will usually be satisfactory when 
corrections are applied for the breaks. A éurved 
line indicates a non-uniform distribution of 
lubricant, or faulty surface conditions, and the 
test must be discarded. 


PREPARATION OF TEST SPECIMEN 


The surface of the test specimen is prepared 
by lapping, polishing, and cleaning before the 
deposition of each new test film. If any consider- 
able portion of its surface is badly scored, the 
specimen face is first surface ground with a fine 
stone. Lapping is done by hand on a flat solder 
pad whose surface is especially grooved and is 
charged with 303} M optical emery.* 

The specimen is polished with optical rouge 
and water, on ‘‘kitten’s-ear’’ broadcloth which 
is stretched on plate glass. Long even strokes in 
one direction only are used, thus keeping the 
nap flat and producing an unruffled polish. If the 
surface has been properly lapped, all visible 
lapping marks will disappear after 50 to 100 
ten-inch polishing strokes. 300 such strokes were 
adopted as a uniform standard. A very high 
state of polish is obtained. Emphasis is placed 
on the absence of scratches, and not upon the 
flatness of the surface. 

It is important that the test specimen be 
completely free of all greasy and abrasive ma- 
terial. To accomplish this, it is essential that 
rubber gloves** which have been cleaned in 
chromic acid and flushed with a high grade of 
distilled water be worn during the entire cleaning 
operation. The greasy material is removed first 
by scrubbing all parts of the test specimen with 
a paste of magnesium oxide (Shamvaf) and 
water on a clean cotton swab. This paste and 
all other gritty material are then removed by 
scrubbing all surfaces with clean swabs of ab- 
sorbent cotton while flushing them in a stream 


* The special technique involved in making and using 
such pads, used in the preparation of optically flat metal 
surfaces, was obtained from Mr. W. E. Webb of the 
National Bureau of Standards. 

** Clean rubber gloves should be worn during lapping 
and polishing also. The “stars’’ frequently encountered 
when stainless steel surfaces are polished with rouge are 
eliminated by maintaining extreme cleanliness of the 
materials and tools used in all stages of the surface prepa- 
ratioh. 

tA polishing powder made by Golwynne Magnesite 
and Magnesia Corporation, New York, New York. 
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of boiling hot distilled water from a wash bottle. 
The test specimen is held by its metal tab with 
chromium-plated tweezers. The tweezers and the 
cotton swabs used for this operation are first 
cleaned by boiling them in an Erlenmeyer flask 
filled to the brim with distilled water. The water 
is allowed to boil over in order to remove any 
greasy material which has collected on its surface. 
After the specimen has been swabbed and flushed - 
with hot distilled water, most of the water is 
flicked off and the remainder dries almost im- 
mediately. Cleaning must be repeated if there is 
any tendency for the thin film of water remaining 
after flicking to draw up into droplets on the 
surface. The lubricant films to be tested are 
deposited immediately on the test specimen, 
thus permitting a minimum of exposure of the 
test specimen surface to the laboratory atmos- 
phere. 


Preparation of the Friction Wheel 


All operations necessary to the preparation of 
the surface on the friction wheel rim are carried 
out with the wheel mount fastened at the edge 
of the laboratory sink, where the wheel is driven 
at about 100 R.P.M. by a small motor. A 30- 
power binocular microscope is focused on the 
rim to observe the results during all stages of the 
preparation. The radius of curvature of the 
rim cross section, approximately 0.015 inch, is 
frequently checked during the preparation by 
projecting, through a low power microscope, a 
profile image of the rim against a calibrated curve 
under standard projection conditions. It has been 
found essential to keep this radius of curvature 
uniform and reasonably constant, in order that 
the pressure on the lubricant film shall not vary 
appreciably. 

The rim of the friction wheel is shaped by 
hand, using a fine flat Arkansas stone kept wet 
with water and in constant sidewise motion. 
Very light pressure is used and the operation is 
continued until all but the finest scratch marks 
made by the stone itself have been removed. 

Before polishing, the rim is lapped with 3033 M 
optical emery on a small pad of absorbent cotton 
wet with water. It is essential that this pad also 
be kept in constant sidewise motion to prevent 
scoring. The operation is continued until only 
the fine scratches left by the emery remain. All 
remaining emery is scrubbed off the surface 
before polishing. The polishing operation is 
identical with the lapping operation, except that 
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chromium oxide on broadcloth is used instead of 
emery on cotton. 

The success of the lubricant durability meas- 
urement is critically dependent upon the cleaning 
of the friction wheel. Since it is not possible to 
attain absolute cleanliness of the wheel’s surface, 
it is important to reach a state which can be 
reproduced from one preparation to another. 
The prime requisites of this state are that no 
oily or abrasive contamination be present. 

The following cleaning procedure has been 
found satisfactory. The friction wheel is driven 
at 200 R.P.M., while all surfaces, including the 
side walls and hub, are thoroughly scrubbed with 
Shamva applied in a thick paste on a clean 
absorbent cotton swab. This operation is accom- 
panied by frequent flushing in a stream of hot 
distilled water from a wash bottle. All parts of 
the walls are painted with the paste, which is 
allowed to set up like plaster. It is then scrubbed 
off the rim only, using boiled cotton swabs and 
boiling hot distilled water. During the removal 
of the Shamva from the rim, the hard plaster on 
the side walls can introduce no contamination. 
A fork-shaped suction device is fitted around the 
lower edge of the revolving rim during the final 
stage of flushing and swabbing. Its openings 
extend from the vertex to just beyond the cusps 
of the rim, so that water on the side walls, which 
might otherwise be forced past the flared edge 
by centrifugal force, is prevented from reaching 
and contaminating the working area of the rim. 
The travel of the rim leads the flushing water and 
loosened particles immediately to the suction 
device, which removes them completely. Almost 
the instant that swabbing and flushing are 
stopped, the rim of the friction wheel becomes 
dry because of the suction and the evaporation of 
the very hot water that is used, but the side 
walls and hub will remain wet considerably 
longer. This presents no problem, however, since 
there is no tendency for the water to flow past 
the sharp edges of the cusps to the clean outer 
surface. Consequently no Shamva or greasy film 
on the water surface gets to the outer rim from 
the side walls. 


STUDY OF THE RUBBED-DOWN MONOLAYERS 


It is generally believed (Blodgett and Lang- 
' muir? and Germer and Storks*) that a compact 


oa B. Blodgett and I. Langmuir, Phys. Rev. 51, 964 
(1937). 


®L. H. Germer and K. H. Storks, Phys. Rev. 55, 648 
(1939). 
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monomolecular layer of a polar lubricant can be 
deposited on a reasonably clean polished metal 
surface if an excess of the lubricant is smeared 
over the surface and then rubbed with several 
changes of clean soft cloth or lens paper. It is 
also believed that all of the polar molecules that 
can be brought into intimate contact with the 
metal by this process will attach themselves to 
the surface so strongly that they cannot be 
removed by any amount of rubbing short of 
that which would abrade the metal, and that the 
excess molecules which are not directly attached 
to the metal will be so loosely held that they 
can be removed with relative ease. It is known 
that the film which is left has an optical thickness 
equal to that of a dipped layer produced by the 
Blodgett®!° dipping technique. Electron diffrac- 
tion examination shows that the molecules in 
such a rubbed film are oriented normally to the 
surface (Germer and Storks*"), and it is reason- 
able to suppose that rubbing in the presence of 
excess produces packing of the molecules. The 
rubbing technique is in general use (Blodgett 
and Langmuir”) for producing the first layer on 


which a polylayer film is subsequently built up | 


by the Blodgett dipping method. 

On the assumption that a close-packed mono- 
layer of polar molecules could be produced by 
this rubbing-down method, and that such films 
should be reproducible from one experiment to 
another, this method was adopted for the prepa- 
ration of the test film on the test specimen. 

In a study of the durability of such films, 
fairly constant results were obtained over the 
several tracks that could be tested on a particular 
film. However, very poor reproducibility was 
found in experiments on separate surface-and- 
film preparations using the same lubricant. In 
the investigation of this problem, several phe- 
nomena were observed which indicated that the 
rubbed-down films did not have the stability 
and permanence which had been originally as- 
sumed. 

The first indication that the rubbed-down films 
were not stable was furnished by the observation 
that the durability of a given film decreased 
materially with time of aging in a desiccator. 
Figure 5 shows typical curves of the durability 


°K. B. Blodgett, J. Am. Chem. Soc. 56, 405 (1934). 
0K. B. Blodgett, J. Am. Chem. Soc. 57, 1007 (1935). 
1938) H. Germer and K. H. Storks, J. Chem. Phys. 6, 280 

8). 


2K. B. Blodgett and I. Langmuir, Phys. Rev. 51, 964 
(1937). 
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of barium stearate as a function of the maximum 
coefficient of friction permitted during a run. It 
will be noted that the durability corresponding 
to a given maximum coefficient of friction de- 
creased materially as the film aged over a period 
of one week. 

Further information about the effect of aging 
on the rubbed-down monolayers was obtained 
by an electron diffraction examination. The 
results are shown in Fig. 6. Figure 6(a) shows the 
diffraction pattern obtained on a freshly rubbed- 
down monofilm of barium stearate. It will be 
observed that the diffraction bands are nearly 
straight, and are parallel to the edge of the 
shadow of the test specimen. Diffraction photo- 
graphs obtained by the same technique have 
been published by Germer and Storks,*" who 
have pointed out, in agreement with Murison,” 
that the spacing of the bands corresponds to the 
distance of 2.50A between alternate carbon 
atoms in the flat zig-zag structure of the barium 
stearate molecule, and that the straight bands 
indicate orientation of the molecules with their 
long axes normal to the supporting surface. It 
was estiniated by Germer and Storks that the 
very slight curvature of the bands shows that 
the axes of the hydrocarbon chains deviate from 
the surface normal by less than approximately 
10 degrees. The uniform intensity within the 
bands shows that there is little if any regularity 
of lateral arrangement of the molecules. 

The increased curvature and decreased in- 
tensity of the diffraction bands shown in Fig. 


4 C, A. Murison, Phil. Mag. [7] 17, 201 (1934) 
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Fic. 5. Effect of aging on the durability 
of a barium stearate monolayer. 


6(b) show that many of the molecules were no 
longer standing normal to the surface after the 
film had aged for three days. In a similar manner, 
the two diffuse arcs visible in Fig. 6(c) are taken 
to represent the random orientation of the hydro- 
carbon chains in a film aged for seven days. 
Patterns similar to those shown in Fig. 6(c) have 
been observed by Plessing™ for the clean surface 
of a polished metal, but the radii of the arcs of 
his metal patterns do not agree with the radii 
in Fig. 6(c). 

These results appear to associate the observed 
reduction in durability after aging of the film 
with a transformation from a close-packed ori- 
ented state to a state of random orientation. 
This may occur as a result of a change in the 
metal surface caused by oxidation or corrosion 
on an extremely minute scale. Such a change 
would naturally also affect the observed dura- 
bility values, and indeed may be the chief cause 
of their decrease with aging of the test film. It 
is certain that evaporation of the barium stearate 
is too slow to account for this decrease. Although 
a completely satisfactory explanation of the 
observations is not possible on the basis of the 
experimental work done, it is certain that the 
rubbed-down monolayer is not so stable a film 
as was supposed. 

It was believed that a monolayer of polar 
molecules could not be removed from a metal 
surface by use of a solvent, the attraction of the 
polar groups for the metal surface being con- 


 E. Plessing, Physik. Zeits. 39, 582 (1938). 
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sidered to be too great.* In order to test the 
validity of this conception, the durability of films 
of barium stearate on stainless steel was meas- 
ured after a variety of treatments with benzene. 
It was found that a film of barium stearate which 
had been rubbed down to a monolayer by the 
normal procedure had almost zero durability 
after it was swabbed lightly with cotton dipped 
in benzene. Similarly, it was found that repeated 
flushing of a rubbed-down film of barium stearate 
for about 20 seconds in a fine stream of benzene 
caused a progressive decrease in durability. After 
the third flushing the durability was nearly zero. 
Similar results were obtained on sebacic acid, 
oleic acid, and stearic acid. In all cases electron 
diffraction examination showed that the original 
typical oriented monolayer pattern had changed 
to an unoriented pattern similar to those shown 
in Fig. 6, (b) and (c), after the first flushing. 
This definitely proves that the flushing with 
benzene at least destroyed the orientation of the 
monolayer. It seems probable on the basis of the 
durability results that an appreciable number of 
barium stearate molecules were removed from 
the metal surface, but the electron diffraction 
examination does not prove this. 

Similar tests were made using barium stearate 
on a thickly chromium-plated steel surface. It 
was found that repeated flushing with benzene 
did not reduce the durability. This seemed to 


* Germer and Storks (reference 8) showed that dipping 
a 7-layer Blodgett-type film of barium stearate in benzene 
did not change its electron diffraction pattern. We have 
found no discussion in the literature of the action of ben- 
zene on a rubbed-down monolayer of barium stearate, but 
one would expect it to have a smaller effect than on a 
polylayer film. 


indicate that the lubricant had not been removed 
from the chromium surface, but electron diffrac- 
tion examination failed to detect the presence of 
an oriented film after the first flushing. Under 
the microscope the chromium surface was seen 
to be covered with fine shallow criss-crossing 
rounded grooves. It is possible that the results on 
the chromium-plated surface were caused by the 
storage of lubricant in these irregular microscopic 
grooves. This postulate was supported when it 
was found that the type of diffraction pattern 
usual for an oriented monolayer returned when 
a film that had been previously flushed was later 
rubbed down with dry cotton. This suggested 
that the rubbing process drags lubricant out of 
the valleys in the surface and distributes it over 
the rounded hills where it can be “seen’’ by the 
electron beam. Likewise, the rubbing action of 
the friction wheel might move it out where it 
could increase the durability. 

All of the results described above show that a 
rubbed-down monolayer of a polar lubricant is 
not so stable and permanent as had been sup- 
posed. 

On the other hand, an investigation showed 
that variations in the amount and severity of 
rubbing of barium stearate monolayers caused 
no significant differences in durability values. 
Similar findings resulted when more of the same 
lubricants was rubbed on. Representative data 
are given in Table I. These results demonstrate 
the extreme stability of the rubbed-down mono- 
layer against rubbing, in confirmation of the 
concepts mentioned at the beginning of this 
section. 


(a) 


(b) (c) 


Fic. 6. Electron diffraction photographs showing the relationship between aging and molecular orientation in a barium 
stearate monolayer on stainless steel: (a) fresh barium stearate monolayer, (b) same monolayer three days old, (c) same 


monolayer seven days old. 
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TasLe I. Showing the small effect of consecutive 
- variations in the rubbing treatment on the durability of a 
ay barium stearate film-surface combination. The coefficient 
of friction was limited to 0.35 and one wheel preparation 
sufficed for this series of tests. 


Sh (1) (2) (3) (4) 

ap. Fresh film Ba.st. added More Ba.st. 

* rubbed Rubbed rubbed rubbed 

ae moderately severely moderately moderately 
3 1.00 1.02 1.22 1.32 

oh 1.25 0.89 1.18 1.21 

1.31 0.91 


1.19 0.94 1.20 1.27 


RELATIVE LUBRICANT DURABILITY 


The foregoing results show that neither varia- 
tion in rubbing nor in amount of lubricant 
applied can account for the wide differences that 
are found (cf. Table 11) between different film- 
surface preparations of the same _ lubricant. 
Hundreds of experiments on the preparation of 
the test specimen and friction wheel surfaces 
were performed in a vain attempt to determine 
the causes of this poor reproducibility. Finally, 
a test method was devised in which this repro- 
ducibility was not essential. 

The test adopted is based upon the idea of 
relative durability, according to which one lubri- 
cant is taken as a standard and all other lubri- 
cants are compared with it. It is obvious that 
such a method will not be satisfactory unless all 
test conditions affecting the standard lubricant 
and the test lubricant are the same in any one 
test. It was necessary to devise a method of 
giving the two metal test surfaces identical 
treatment during their preparation, and also of 
giving the two films themselves identical treat- 
ment during the rubbing-down process. This 
was accomplished by depositing the films on 
separate areas of the same test surface, so that 
they could be rubbed down at the same time on 
the same metal. To prevent intermixing of the 
two lubricants, a shallow rectangular slot (about 
fs’’ X #s’’) was cut across the center of the test 
specimen (cf. Fig. 2), thus dividing its surface 
into two equal areas. Since a drop of liquid will 
not readily flow past a sharp edge, drops of the 
lubricants can be deposited separately on each 
of these areas without danger of mutual con- 
tamination. Both films are then rubbed down 
simultaneously on successive clean pads of 
Kleenex tissue, using strokes parallel to the slot. 

The value of the relative durability of a test 
lubricant is obtained by measuring two “‘abso- 


822 


Taste II. Durability values—coefficient of friction 
limited to 0.20. 


Absolute durability 


Test Ba Relative 
Test lubricant material stearate durability 
Group I—Monocarboxylic acids 
(a) Liquid at test temperature 

n-Butyric acid 0.52 
CH;(CH:2):COOH 0.51 2.44 

0.60 2.38 

0.62 2.44 

0.56 2.42 0.23 
n-Caprylic acid 1.00 
CH;(CH2)s¢COOH 0.94 1.96 

1.04 1.78 

0.92 1.76 

0.98 1.84 0.53 
Pelargonic acid 1.32 1.72 
CH;(CH.);COOH 1.20 1.72 

1.16 1.58 

1.21 1.65 

1.22 1.65 0.74 

(b) Solid at test temperature 

Lauric acid 0.98 1.33 
0.88 1.52 

0.84 1.58 

0.90 1.48 0.61 
Myristic acid 1.65 1.88 
CH;(CH2):.COOH 1.68 1.90 

1.80 

1.68 1.86 0.90 
Palmitic acid 2.13 2.15 
CH;(CH2) «COOH 2.16 1.99 

2.15 2.07 1.04 
Stearic acid 2.42 1.85 
CH;(CH:2):seCOOH 2.50 1.70 

2.46 1.78 1.38 

Group II—Dicarboxylic acids 

Malonic acid 1.60 1.60 
COOHCH:COOH 1.88 1.52 

1.74 1.56 1.11 
Suberic acid 0.35 1.59 
COOH (CH:)«COOH 0.29 1.61 

0.32 1.60 0.20* 

0.22 1.70 

0.18 1.69 

0.20 1.70 0.12 
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II.—(Continued.) 


Absolute durability 


Test Ba Relative 
Test lubricant material stearate durability 


Group I1I-——Tricarboxylic acids 


Tricarballylic acid 0.36 0.70 
HOOCCH,CH(COOH)- 0.38 0.68 
CH-COOH 0.41 1.00 

0.50 0.74 

0.41 0.78 0.53* 

Group IV—Salts and esters 

Sodium malonate 0.34 0.55 
CH-(COONa)- 0.30 0.55 

0.27 0.55 

0.32 

0.31 0.55 0.56 

0.92 1.18 

0.92 1.18 


0.92 1.18 0.78 


5 0.77 
50 0.72 
42 0.74 
44 


AT 0.74 0.64 


Calcium stearate 2.44 1.83 


n-Propyl formate 1.08 
HCOOC;H; 0.80 1.00 
0.78 1.00 
0.86 1.03 
0.86 0.96 
0.82 1.01 0.81 
1.35 1.67 
1.21 1.50 
1.52 


1.28 1.56 0.82 


n-Propyl adipate 1.14 
[(CHe)eCOOC;H2 0.86 1.17 
0.86 90 


0.86 1.07 0.80 


* Approximate value—slip very erratic. 


lute’ durabilities, one on the standard lubricant 
and one on the test lubricant, and then taking 
the ratio of the latter to the former. Expressed 
by an equation the relative durabilities: 


(2) 


Astandard 
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Barium stearate has been chosen as the stand- 
ard lubricant. Each absolute durability is the 
mean of several durabilities determined on 
parallel tracks on the pertinent area of the test 
specimen. 

The relative durability test method just de- 
scribed has several advantages: 

1. The two test areas are part of the same test 
specimen and therefore very likely to be of the 
same composition, structure, and hardness. 

2. Both areas are lapped and polished simul- 
taneously, and are therefore much more likely 
to have the same degree of polish than would 
two separately prepared surfaces. 

3. The two areas are cleaned and dried simul- 
taneously and are very likely to have the same 
degree of cleanliness. 

4. After the specimen has been placed in the 
apparatus, the films on the two areas are dried 
in exactly the same conditions and for the same 
period of time. 

5. A specimen does not have to be removed 
during comparative tests on the two films. 

It cannot be claimed that the simultaneous 
rubbing down of the two test films will produce 
identical orientation, structure, and density, 
since these qualities will be affected by the 
physical and chemical properties of the two 
lubricants. However, the results of a largé num- 
ber of tests made with the relative durability 
method show that, even though the durability 
of each test film varies materially from one film 
specimen preparation to another, a fairly con- 
stant value of the relative durability is obtained. 

In Table II are collected durability data on a 
variety of test lubricants. All of the test lubri- 
cants were Eastman White Label (Eastman 
Kodak Company, Rochester, New York). 

The data show that the test reproducibility 
from track to track on the same test specimen 
is good. They also show the wide variation in 
absolute durability which results when the same 
lubricant is tested on a series of different test 
specimen preparations. Note the large variations 
in the values for barium stearate (0.55 to 2.42) 
and for sodium malonate (0.31 to 0.92). The 
variation in relative durability for a given 
material is much less, e.g., 0.56 to 0.78 for 
sodium malonate, 0.81 to 0.82 for n-propyl 


formate. 


Figure 7 shows the relative durabilities of a 
series of monocarboxylic acids plotted against 
the number of carbon atoms per molecule. It 
will be noted that the relative durability increases 
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Fic. 7. The relative durabilities of monocarboxylic acids. 


in approximate proportion to the length of the 
molecule. Analogous linear relationships for the 
coefficient of friction have been reported several 
- times in the past (cf. Beeck'). It will also be 
noted that those acids which are liquid at room 
temperature (the test temperature) fall on one 
straight line, while those which are solid at the 
test temperature fall on another straight line 
having about the same slope as the first but 
displaced from it. A satisfactory explanation for 
this difference has not been found. It may be 
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connected with the fact that the solid materials 
are applied to the test specimen in solution, and 
are then rubbed down in the solid state after 
the solvent has evaporated, while the liquids are 
applied directly and rubbed down from the liquid 
state. The increased relative durability of the 
liquid materials may result from failure to 
produce a true monolayer. 

The authors wish to express their appreciation 
of the fine workmanship of Mr. Allan Jamieson, 
who built the apparatus in the laboratory shop. 
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Theory of the Multivibrator* 


HAROLD W. WEBB AND GoRDON E. BECKER 
Columbia University, New York, New York 


(Received August 8, 1944) 


The theory of the symmetrical multivibrator has been developed in a form which makes 
possible the computation of the period and the currents in the tubes in a relatively simple 
manner. The method is largely graphical. The behavior of the corresponding Eccles-Jordan 
trigger circuit is first determined and a “trigger’’ characteristic constructed, giving the values 
of the grid voltages of each tube when triggering takes place and the corresponding values of 
the currents in the tubes before and after triggering. From this characteristic, with slight 
changes, the operating conditions and the period of the multivibrator circuit are determined. 
It is found that the grid currents play an important part in determining these conditions and 
the period. The method was applied to an actual circuit and the computed values agreed 
well with the experimental results. The effect on the period and operating conditions of varying 
the parameters is discussed theoretically and the conclusions are compared with experiment. 


HE multivibrator, a type of relaxation 
oscillator employing two triodes (cf. Fig. 5) 
is commonly used for a variety of purposes.' 
Much experimental data and several discussions 
of the theory of the circuit have been published,? 
but the authors are not aware of the publication 
of any simple treatment, which enables ore to 
calculate readily from the static tube characcer- 
istics alone the operating conditions, such as the 
current values and the frequency. In this paper 
a relatively simple method of determining these 
values is described. Only the symmetrical case, 
in which identical tubes and circuits are used, is 
treated, since this is the case of most interest. 


ECCLES-JORDAN TRIGGER CIRCUIT 


The operation of the multivibrator can best 
be understood from a discussion of the Eccles- 
. Jordan trigger circuit,* in the simplified form 
shown in Fig. 1. Two identical triodes, to be 
subsequently referred to as I and II, with 
individual plate batteries Ey, and grid bias 
batteries E,; and E,2 for I and II, respectively, 
are used. The two plate load resistances R; and 
R: are each equal to R. The currents in the 
several branches are indicated in the figure. The 
grid potentials for the two tubes are designated 
by @,1 and @,2, respectively. In this circuit the 


* Publication assisted by the Ernest Kempton Adams 
Fund for Physical Research of Columbia University. 
( 919) Abraham and E, Bloch, Ann. de physique 12, 237 
1919). 

2B. van der Pol, Phil. Mag. 2, 978 (1926). Y. Namba 
and S. Namba, Elec. Lab. Tokyo Research 218 (1927). 
Y. Watanabe, Proc. I. R. E. 18, 327 (1930). J. Mercier, 
L’Onde Electrique 13, 197 (1934). S. C. Snowden, Phys. 
Rev. 65, 151 (1944). 
(1919) H. Eccles and F. W. Jordan, Radio Rev. 1, 143 
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currents 7,1 and 1,2 are equal to the grid currents 
ig: and %,2 of I and II, respectively. 

It has been found convenient to express 
potential differences in volts divided by R, that 
is, in current units. The ordinary grid-plate 
transfer characteristics of I, identical with those 
of II, are then expressed by 


or, since E) is constant, we may write 


where the function ¢ depends upon the parameter 
FE,. This characteristic is shown by curve (a), 
Fig. 2, in which both ordinates and abscissas are 
expressed in amperes. The discussion is further 
simplified by the use of the dynamic character- 
istic, computed for the plate load R, which is 


= 
=(€9:/R). 


The y curve (b), Fig. 2, is derived from the @ 
curve by shifting each point on the latter hori- 


AAAAAAAA 


Fic. 1. Eccles-Jordan trigger circuit. 
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Fic. 2. (a) Grid-plate transfer characteristic. (b) Transfer 
characteristic with plate load R. (c) Grid current-plate 
current characteristic. (d@) Transfer characteristic with 
plate load R and series resistance R in grid circuit. 


zontally to the right by i;/u. The grid current in 
I, ig1, is plotted on the abscissa axis, curve (c), 
so as to be a function of i, the scale being the 
same as that used for the other curves. It must 
be noted that 7,; depends upon the plate voltage, 
so that a new 7,; vs. 4; curve must be constructed, 
if either E, or the plate load is changed. In the 
circuit of Fig. 1, e¢=E,:1—R(ti2+i-) and 
Eg2— R(t: +12). Hence the following equa- 
tions give the tube currents: 


(1) 
(2) 


The more exact expression for (1) includes a 
term —i.2/u in the argument, since the current 
in R; now has the value 7;+74,2, instead of 4,, for 
which the ¥ curve was drawn. However, since zu 
is generally large and i,2 small, this term is 
usually negligible. Similarly in (2) a term —i.;/p 
has been omitted. 

We will further simplify the calculations by 
the introduction of a third transfer characteristic, 
which takes into account the contribution to the 
grid potential of I of the voltage drop in R, 
caused by the grid current i,;=7,;. This curve 
(d), Fig. 2, is Fe 1/R+i,:), for which the 
abscissas are ¢,:1/R+i,;, and is derived from 
curve (b) by shifting each point thereon hori- 
zontally to the right by the corresponding value 
of i,,. This curve could have been obtained 
directly as the relation between the plate current 
and the grid bias battery voltage in a simple tube 
circuit with load resistance R and a resistance R 
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in series with the grid. Using this characteristic, 
we have in place of (1) and (2), 


1; = F(€51/R+%91) 12) F(pi- te), (3) 
to = F(€g2/R+ig2) = = F(p2—t), (4) 


where E,;/R and 

The values of i; and is, for which the system 
of Fig. 1 will be in equilibrium, are obtained by 
solving (3) and (4) as simultaneous equations. 
In Fig. 3 these equations have been plotted for 
fixed values of p; and py», the variables being 7; 
and i. Curve J gives i; as a function of i. [Eq. 
(3) ], while K gives values of i2 with 7 as the 
independent variable [Eq. (4) ]. It should be 
noted that J is asymptotic to the horizontal axis 
and continues indefinitely along it, since 4 is 
determined for all values of t2. Similarly AK must 
be continued indefinitely along the vertical axis. 
Each intersection of J and K corresponds to a 
solution of the simultaneous equations and there- 
fore gives a pair of values of 7; and iz for which 
the system is in equilibrium. Figure 3(a) repre- 
sents a case in which R is less than a certain 
critical value, and the curves have only one 
intersection, which represents a condition of 
stable equilibrium. In Fig. 3(b), J and A curves 
are shown for a value of R greater than the 
critical value, the four J curves, J:, J2, Js, and 
J, being drawn for increasing values of i, i.e., 
of E,,;. The J and K curves may now have three 
intersections, such as $3’, u, and s; between J; 
and K, giving three possible solutions. Or there 
may be one as in the case of J; and K, or one 
intersection and a point of tangency f2, as in the 
case of Jz and K. (See also t, for J, and K.) 

The intersection at u represents a condition of 
unstable equilibrium, since the absolute value of 
the slope di;/di. of K is less at this point than 
that of J;. On the other hand, s;’ and ss; are 
points corresponding to stable equilibrium, since 
at these intersections the absolute values of the 
slope of K are greater than those of J;. This 
criterion for determining whether an intersection 
of these curves corresponds to unstable or stable 
equilibrium can be got directly from a considera- 
tion of the meaning of the J and K curves, or it 
may be formally derived as follows: In order 
that there may be determinate values for 7; and 
iz for other than the equilibrium values, as 
during the passage from one condition to another, 
there must be reactance somewhere in the circuit. 
We will assume all reactances to be zero except 
a very small inductance L in the circuit between 
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I and E,. Equations (3) and (4) then become 
L 
(5) 
uR 


F(p2—1), (6) 


which equations must be satisfied whether the 
system is in equilibrium or not. In the following 
we need consider only the behavior of 1, since 
by (6) #2 is uniquely determined by 7;. Differ- 
entiating (5) and (6) with respect to the time, 
we have 


di,/dt= 
uR 


x ( —*), 
wR dt? 
di2/dt = F' (p2—1,)(—di;/dt), (8) 


where F’ is the derivative of F with respect to 
its argument. Substituting the value of di2/dt 
from (8) in (7), we find 


uR di 
dt 
) 
Xx — F'(p2—1 
L di; 
dt 
di; 
(9) 
dt 


When the system is very close to equilibrium 
(L/uR)di,/dt is vanishingly small, — F’[pi—iz 


—(L/uR)di,/dt] is the slope of J at the equi- 


librium point, and — F’(p2—i;) is the reciprocal 
of the slope of K at the same point. Hence 7, 
which is proportional to the difference between 
the reciprocals of the slopes of the two curves at 
the equilibrium point, can be taken as constant. 
The solution of (9) is then, 
di,/dt=Ae™. (10) 
Now let the system, initially at equilibrium, be 
slightly disturbed, say by a sudden small change 
in p;. There will then be a finite initial value of 
di,/dt equal to A, and from (10) we see that the 
absolute value of di,/dt will increase indefinitely 
with the time and the system will depart more 
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Fic. 3. Curves showing equilibrium conditions for trigger 
circuit. Curves are the same as (d), Fig. 2. 


and more from the equilibrium condition, or the 
absolute value of di,/dt will decrease with the 
time and the system will again return to equi- 
librium corresponding to the new value of py, 
according to whether 7 is negative or positive. 
Hence the equilibrium is unstable or stable as the 
absolute value of the slope of K is less or greater 
than that of J. (Note that both are intrinsically 
negative.) This criterion may be written 

F'(pi—i2) F'(p2—th) = 1, (11) 
the upper and lower signs of inequality corre- 
sponding to unstable and stable equilibria, 
respectively. This is essentially the same as the 
criterion given by other authors. 


BEHAVIOR OF CIRCUIT WITH VARIATION OF 
GRID BIAS 


Let E,; be varied while E,2 is held constant. 
From Eq. (3) it is seen that an increase (decrease) 
in E,, simply causes a shift in the J curve to the 
left (right) by the corresponding change in the 
value of p;, since only the difference between /~; 
and 72 appears in the argument. Let the system 
be initially in the condition described by the s;' 
intersection of the J; and K curves. Here | is 
the ‘‘active’’ tube and II the “inactive” tube. 
As E,, is decreased J moves to the right and the 
points of intersection s;’ and u gradually ap- 
proach one another, coinciding at t2 when J 
reaches the position J2, and the two curves are 
tangent. A further small decrease in E,; leaves 
only the intersection at sz, and therefore the 
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Fic. 4. (a) a for determining trigger characteristics. Circuit with 6N7 


tubes (u=35), R 


= 1000 ohms, r = 20000 ohms, E=150 volts. Coordinates in milli- 


amperes. The ordinate of Ko at t2=ig is — Cho— (tg—i,4)R/r). (b) Trigger character- 
istics. Coordinates in milliamperes. pa=ho; ps =fo. qa lies (R/r)in below pa. gz lies 


below 


B; when tg>1%o, ty is negative and gz lies above pz. In the diagram 


pe and gp are drawn coincident, since their difference was small. ig is practically zero. 


system passes abruptly from the condition repre- 
sented by the point ¢, to that represented by so, 
with I now the inactive tube and II the active 
one. This abrupt change in the condition of the 
system is referred to as ‘“‘triggering.’’ Further 
decrease in E,, shifts J further to the right, say 
to Ji, with s, describing the equilibrium. Now 
let E,, be steadily increased. J will now shift to 
the left passing through the positions J; and J;, 
until J, is reached with t, the equilibrium point, 
and any further increase in E,; will cause 
triggering from II to I with the system passing 
abruptly from ¢, to sq’. 


TRIGGER CHARACTERISTICS 


The behavior of the trigger circuit is con- 
veniently described by a set of curves, the 
“trigger characteristics,’ which give the values 
of the currents in the tubes just before and just 
after triggering and the corresponding values of 
bp, and pe. Figure 4(b) shows such a set of curves 
for a circuit using two 6N7 triodes, with E,= 150 
volts and R=1000 ohms, and gives values for 
triggering from a state in which I is the active 
tube to one in which II is the active tube. Here 
ig=the current in | before triggering, i,4 =the 
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current in II before triggering, ig =the current 
in I after triggering, ip =the current in II after 
triggering, p4=the value of p2 when triggering 
occurs, and pg=the value of p; when triggering 
occurs. The independent variable is ig, plotted 
on the axis of abscissas. The points through 
which these curves were drawn were determined 
from Fig. 4(a), an 1 vs. i2 plot similar to those 
in Fig. 3(b), Joand Ko being drawn for p= p2=0, 
i.e., for E,,=E,2=0. Now it has been shown 
that triggering occurs when the curves J and K 


are tangent. Hence if triggering is to take place 


for a given value of ig, J must be shifted from 
the Jo position horizontally by the amount pz 
and K from the Ko position vertically by the 
amount pu, so that the two curves will touch at 
points of equal slope. In Fig. 4(a), Jo has at the 
point f, which corresponds to i;=ig, the same 
slope as Ko has at the point h. J and K must 
therefore be shifted from their initial positions 
until they are tangent at 0, which gives pa=fo 
and pa=ho. (Note that in the figure fo is nega- 
tive and ho positive.) To facilitate the construc- 
tion the curves are continued beyond the axes, 
but these continuations have no physical mean- 
ing, since neither 7; nor i2 can have negative 
values. The current in the inactive tube before 
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triggering, 74, is equal to the abscissa of h. The 
values of the currents in the tubes after trigger- 
ing, iz and ip, are given by the ordinate and 
abscissa, respectively, of the left-hand intersec- 
tion of the shifted J and K curves. In most 
cases of interest 7g is practically zero and Zp is 
determined by the intersection of the shifted K 
curve and the 72 axis, or more simply, is equal to 
the abscissa of the point on K which lies below 
the i: axis by the amount pa(ho), as indicated in 
the figure. By repeating this construction for 
several values of 7g, the curves in Fig. 4(b) were 
obtained, giving the values of ip, 74, and ig (in 
this case tg is practically coincident with the ig 
axis), as well as p4 and pz, as functions of ip. 
These curves are usually nearly linear in the 
range of interest and can therefore be determined 
from a few points. 


MULTIVIBRATOR 


The circuit of the symmetrical multivibrator 
is shown in Fig. 5. The battery E,, of Fig. 1 has 
been replaced by the condenser C,; with the grid 
leak resistance 71, and E,2 by C2 with leak 
resistance 72. The condensers are of equal ca- 
pacities C, and r;=r.=r. Usually r is ten to 
twenty times greater than R. The instantaneous 
charges on the condensers C; and C2 are Q; and 
Qe, respectively. The grid bias potential E,, of 
the Eccles-Jordan circuit has now to be replaced 
by Q:/C—Ri,, the second term appearing since 
we have 

(12) 


Hence Similarly E,2 is 
replaced by Q2/C—Ri,2, and p2=Q2/RC—i;2 
=@2—1;2. Equations (3) and (4) then become, 


(13) 
(14) 
During the half-period when I is active, C; will 


1gittri. 


F(qi—ir1—12), 


i= F(q2—t2—11). 


AAAAA 


AAAAAAAA 


Fic. 5. Symmetrical multivibrator circuit. 
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discharge and C, will charge. When triggering 
occurs and The corresponding 
values of g2 and gq; are designated by ga and gz, 
respectively. 

The current in II after triggering, 7a, is slightly 
less than ip, the corresponding current in the 
Eccles-Jordan circuit, since, when triggering 
occurs from I to II, i,. changes by an amount 
closely equal to 


where i, is the grid current in the tube when 
the plate current is 74. This can be shown by 
writing the circuit equations for the path R:Cor2 
before and after triggering. This expression can 
be simplified? to (tg—t,2)R/r, since ig is very 
nearly zero and r is much greater than R. This 
abrupt change in 7,2 causes a downward shift of 
K equal to this amount. We can therefore 
determine i, by following the procedure described 
for determining ip, using pa—(ig—t,a)R/r in- 
stead of pu. The difference between i, and ip is 
usually small, since R/r is small. 


To find the values of qa and gz from pa and 
pe we have, first, ga=pa+ir2, where i; is the 


current in r2 just before triggering. If e,2 is the 
grid potential of II prior to triggering, we have 


i-s=e,2/r. From Fig. 4(a) we see that for p2=0, 
a current 7;=1%, in I will reduce iz to i4. Hence 
€,2= — Rin, i2= —Ri,/r, and the ga curve lies 
(R/r)ix below the pa curve. Similarly gz=ps+in, 
where i,; is the current in r; just before triggering. 
If the grid current in I is negligible at this instant, 
e,1= —Riy and i,,;=—i,R/r. It should be noted 


that i; is positive for values of ig greater than 
io, where %o is the value of 7; on the Jo curve for 
i2=0. The curve for gz will lie above or below the 
pp curve according to whether 7, is greater or less 
than this value. (Since the J and K curves in- 
clude the effects of the voltage drops caused by 
the grid currents in the resistances R2 and R,, 


respectively, it is necessary to substitute istign 
for i, in the expression for i;1, if ij, the grid cur- 
rent in I just before triggering, is not negligible.) 


In many cases i,; is small, and the gg and pz 


curves are nearly coincident, as in the case shown 
in Fig. 4(d). 
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To find ig’, the operating value of ig for any 
given multivibrator circuit, we use the circuit 
equation for the circuit R2Cy1, 


Riot Rig — Raitrin=9. (15) 


Multiplying this equation by dt and integrating 
over one complete period 7 and dividing by RT, 
we find, 


1 i 
0 T 


0 
1 
-—f qdt+— i,,dt=0. (16) 
T Jo RTY, 


The second integral equals zero. From (12) we 
see that the last integral equals 
T 


RT 


We have therefore, 


in=(r/R)ig +h, (17) 


where the bars indicate mean values for a 
complete period. For this part of our calculation 
a good approximation is 
ig = 7; =} (iptiatiet+ia) =i. (18) 
In Fig. 4(d) 7 is plotted as a function of ig. The 
mean value 4; can be taken as approximately 
equal to the mean of ga and gz, or in many 
cases the mean of p, and pz is sufficiently close. 
The approximate value of the mean grid current 
i,, can be calculated by assuming that the plate 
current changes linearly with the time from i, to 
ig, and that the instantaneous grid current is 
proportional to ig—%9, which gives 
i,4 being the grid current when the plate current 
is ig. In Fig. 4(6) the sum 9+(r/R)i, is plotted 
as a function of ig. The intersection of this curve 
with the i curve determines ig’, the value of ig 
for which (17) is satisfied. In the following 
discussion the operating values of the other 
variables, as determined from Fig. 4, will simi- 
larly be designated by primes, viz., iz’, ga’, in’, etc. 
The rapid rise in the value of (r/R)i, with 
increase in ig makes it possible to use the above 
approximations and still arrive at a reasonably 
precise value of ig’. It will be noted that the grid 
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current plays a very important part in the 
behavior of the multivibrator, since on it depend 
the operating values of the currents and to a 
great extent the period of oscillation. If the grid 
current were not involved, ig’ would be very 
large, since it would then be fixed by the inter- 
section of the i curve and the q4 curve, which 
have nearly the same slopes. 


PERIOD 


During the half-period in which tube | is 
inactive, the charge on condenser C, increases 
from RCq»,’ to RCq,’. During this time no grid 
current flows in I, and we have, 


=1,1= — RCdq;/dt. (20) 
Equation (15) may then be written 
dq 
(21) 


—+qi—fi2=0, 
dt 


where B=1/(R+r)C. Multiplying by and 
integrating with respect to the time from 0 to 
T/2, we get 


T/2 
0 


The exact evaluation of the integral in the third 
term is not possible, since we do not know the 
exact form of the relation between 7, and ¢. If 
we set this term equal to —1iy(e87/?—1), (22) 


gives 


im — 
(23) 
tu —qa’ 
from which we have 
im— qn’ 
T=2C(R+r) In ———. (24) 
im—qa’ 
The simplest approximation for iy, is 
im =}(ia +z’), (25) 


which is usually sufficiently precise for computing 
the period. If the ratio of i,’ to i,’ is less than 1.4, 
a good approximation for 72 is, i2z=1i,4'e~*', where 
a=(2/T) In (tq’/ig’), and it can be shown that 
the percentage error in iy, as determined by 
(25), is then equal to 
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Since in all cases in which the method can be 
used with fair precision both a7 /2 and 87/2 are 
less than 1.3, the use of (25) results in an error 
in the value of iy of less than two percent, with 
approximately the same error in the period, 
which is less than the error attributable to 
inaccuracies in the graphical operations. For 
large values of R the ratio i,’/ig’ is greater and 
this error in i, increases, becoming as large as 
ten percent in actual circuits studied. However, 
in these cases a much greater error results from 
the neglect of the actual form of the is-time 
curve. Because of the large grid current in the 
active tube immediately after triggering, this 
curve dips sharply initially, so that the correct 
value of the integral in (22) is much smaller than 
is given if we use (25) and the correction (26). 
Since other errors caused by approximations in 
computing the grid current and determining the 
operating value of ig are also large in these 
extreme cases, little is gained by using more 
accurate methods of computing 7. The formulas 
(24) and (25) are the best working formulas 
which the authors have been able to devise 
without resorting to trial and error methods too 
laborious to be useful. 

It should be noted that in most cases in 
which the method gives satisfactory results gz’ 
is small compared to iy, and the argument of 
the logarithm term in (24) can be written with 
good approximation, 


If, as is usually the case, y is small (less than 
0.25), In (1—y)~ is approximately equal to 
y, the difference being less than ten percent in 
most cases. Hence the frequency depends almost 
directly upon the values of 7 and the difference 
between the maximum and minimum charges on 
the condensers. 


EXPERIMENTAL TESTS 


A series of tests was made to determine how 
closely one can predict the behavior of a given 
multivibrator by the methods described above, 
starting with the ordinary tube characteristics. 
The circuit contained two 6N7 triodes, selected 
to have nearly identical characteristics. In order 
to observe the tube currents on an oscillograph 
a resistance of 1000 ohms was inserted in each 
plate circuit next to the tube. The tube character- 
istics from which the calculations were made 
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were corrected to include the effect of this 
resistance, so that the computations were not 
affected. The behavior of the Eccles-Jordan 
circuit was first tested and the results agreed 
well with those predicted from the trigger 
characteristics. 

In the tests of the multivibrator circuit a 
single-plate battery was used in the usual way 
instead of the two shown in the figure. This 
alters conditions by adding a fixed negative 
charge — CE, to each condenser; decreasing both 
pa and pg by E,/R. The values of pa and pz are 
unchanged, however, since they now include the 
plate battery voltage, which adds to each the 
term E,/R. Hence our equations are unaffected. 
Equation (24) shows that the period should vary 
directly as the capacity of the condensers C. 
With R= 1000, r=20000 ohm, and E,= 150 volts 
the relation between the period and capacity was 
a straight line for values of C between 1 uf and 
0.05 uf (frequency = 1870), but for smaller values 
of C the period increased more rapidly, being 14 
percent higher than the value given by the 
straight line relation for C=0.003 uf (frequency 
= 29,400). With R=2000 ohms and the other 
parameters as above the linear relation held well 
to C=0.005 uf (frequency =7200). When R was 
reduced to 700 ohms the linear relation was 
followed closely only to C=0.1 uf (frequency 
= 3050); the period was 60 percent too high for 
C=0.008 uf (frequency = 25,600). Since the above 
treatment does not take into account the effect 
of the distributed reactances, which cause these 
deviations, all the experimental tests to be 
described were made in the frequency ranges for 
which the period was proportional to C. 

The frequencies were measured with a cali- 
brated beat frequency oscillator in conjunction 
with a cathode-ray oscillograph. The currents 
were measured with the oscillograph, using 
known alternating voltages for calibrating the 
scale. Several values of R and FE» were used 
covering the range of satisfactory operation of 
the multivibrator, and two values of r, 20,000 
and 50,000 ohms, respectively. The results of 
these tests are tabulated in Table I. The experi- 
mentally determined values are in roman type 
and beneath each in italics are the corresponding 
values calculated from the static tube character- 
istics, using the procedures described above. The 
experimental values of ga’—qpe’, given in the 
seventh column, were obtained from the varia- 
tion of voltage across one of the condensers, as 
measured on the oscillograph and divided by R. 


831 


> 
aN 
qa —4B 
tM 


TABLE I. Experimental values are in roman type; 
calculated values are directly beneath in italics. 


R r ip’ id  Fre- 
chms volts pf milliamperes quency 
1000 20000 196 0.1 8.4 11.9 2.50 765 
SS. 820 
50000 196 — — 322 
320 
1000 20000 150 10 6.0 8.1 1.36 97 
6.2 8.5 1.40 94 
50000 150 1.0 £5.6 1.20 42 
1000 20000 4.2 048 1680 
3.1 4.4 049 1520 
900 20000 150 10 5.8 8.1 1.10 120 
6.0 7.8 1.05 134 
50000 150 60.1 4.8 7.3 1.02 545 
7.6 0.92 615 
800 20000 150 10 5.6 184 
5.9 74 G73 190 
50000 150 0.1 5.1 7.1 0.68 850 
5.4 7.2 0.67 858 
2000 20000 196 O14 82 165 4.6 345 
78 164 44 500 
20000 150 1.0 5.7 37 
54 22 52 
50000 150 60.1 5.1 10.7 2.9 147 
4.3 90 2.7 268 
20000 92 0.1 3.2 5.8 1.50 440 
32 35 £45 550 
700 §=20000 196 0.1 7.8 10.7 0.90 2040 
89 10.5 1.00 2050 
20000 150 1.0 5.1 7.3 0.41 335 
6.1 7.6 O45 317 
50000 150 30.1 4.6 6.1 0.39 1650 
5.3 6.6 0.20 2740 


The values of i,4’ are not listed since they were 
not measured with sufficient precision. The 
measured values of ig’ were zero in every case. 
With the exception of the measurements made 
with R= 2000 and R=700 ohms, the agreement 
between experimental and computed values is 
satisfactory. The calculated frequencies agree 
with the measured values on the average within 
‘ six percent. The experimental and calculated 
values of the currents, ig’ and i,’, differ in only 
a few cases by more than the experimental error. 
The greatest source of error was in the determi- 
nation of 7g’, because of the approximate method 
used in calculating the mean grid current, which 
often gave values differing considerably from 
those actually measured on a direct current 
meter in the grid circuit. This error was especially 
serious for r=50,000 ohms, since the ratio r/R, 
by which the mean grid current is multiplied 
when determining the operating point, was large. 
Errors in iz’ were in many cases large because of 
the lack of precision in finding the absolute value 
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of pa, which depends upon the location of a 
point of given slope on the lower part of the tube 
characteristic. Unless great care is taken in 
drawing this part of the curve errors as large as 
0.2 milliampere may result. On the other hand, 
errors made in determining ga’ and qz’ cancel 
one another to a considerable extent and the 
difference ga’—qz’ is found with higher precision 
than that of either term. In the measurements 
made with R equal to 1000, 900, and 800 ohms, 
respectively, the experimental and computed 
values of qga’—qs’ differed on the average by 
only two percent. As already pointed out, it is 
this difference between the charges that is 


. important in determining the frequency rather 


than their absolute values. 

With R=2000 ohms much larger differences 
were found between the predicted and observed 
values of the currents and frequencies. Oscillo- 
grams showed that the plate current vs. time 
curve in the active half-period dropped sharply 
initially and departed considerably from the 
exponential curve assumed in our approximation 
for iv. This resulted in two errors. First, the 
estimated mean grid current was too large, 
resulting in calculated values of ig’ and ia’ which 
were too low. Second, in spite of the low calcu- 
lated values of these currents the value of ix 
given by (25) was much too high, giving high 
values of the calculated frequency. In the case 
of the measurements made with R= 2000 ohms, 
r=20000 ohms, and E,=150 volts, the integra- 
tion in the last term of (22) was carried out 
graphically, using the measured period and the 
data from an oscillograph trace of iz. The value 
of iy found was thirty percent smaller than the 
value given by (25), which gave the calculated 
frequency 52. Using the lower correct value of 
iu the computed frequency was 34, agreeing 
reasonably well with the observed value, 37. 
It should be noted that even in these cases the 
calculated values of g4’—qs’ agree well with the 
observed. 

The calculated values for R=700 ohms also 
show poor agreement with the measured. Here 
the value of R is very near the lower limit for 
which the circuit will oscillate, and the J» and 
Ko curves have very nearly the same slopes, 
making accurate graphical construction very 
difficult. Furthermore, with this value of R the 
triggering was no longer sharp, indicating that 
distributed capacities were no longer negligible. 
Hence only rough agreement was to be expected. 
The discrepancies are particularly large in the 
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Fic. 6. Performance of multivibrator circuit with variation of parameters. 
(a) io vs. Ey. Ep is the intersection on the E, axis of the tangent to the curve 
at E,=150. (6) ga’—qp’ vs. Ey. E; is the intersection on the E axis of the 
tangent at E,=150. E, is the calculated minimum voltage for vibration. 
(c) ga’— qa’ vs. 1/R. Ro is the calculated minimum value of R for vibration. 


iz’ column and in the measurements with 


r=50,000 ohms. 

In the actual construction of the trigger 
characteristics advantage can be taken of the 
symmetry in Fig. 4(@), which permits the deter- 
mination of i, from the upper part of the Jo 
curve, which is the same as the lower part of Ko. 
Consequently, only those parts of the Jp and Ko 
curves which’ lie near the 7; axis need be con- 
structed. If less precision is permissible, other 
simplifications may be made in the calculations 
by neglecting some or all of the effects. of the 
currents in 7; and fe. 


GRID BIAS 


To simplify the preceding discussion the effects 
of fixed grid biases were omitted. It can be 
readily shown, however, that the introduction of 
a fixed negative bias voltage V into each grid 
circuit between the tube and the branch point 
affects only the charges on the condensers, and 
that in Fig. 4(6) all the ordinates of the curves 
for ga, gs, and 4 are increased by V/R. This 
results in decreases in the values of 73’, ia’, im, 
and ga’—qs’. The same values of the currents 
and period are obtained if the bias voltage is 
shifted to the 7; and r2 branches, although the 
charges on the condensers are then the same as 
without bias. The use of a cathode bias resistor, 
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of resistance rx, results only in changing the 
shape of the y and F characteristics shown in 
Fig. 2, and therefore of the derived curves Jo 
and Koy in Fig. 4(a). The difference between the 
@ and curves becomes 
instead of 


VARIATION OF THE PARAMETERS 


The effect on the period of varying C has been 
discussed earlier. It is of interest to examine the 


effects of changing the other parameters r, R, 


and E,. Since r is usually very large compared 
with R, the factor R+r in the expression for the 
period varies nearly linearly with r, while the 
value of the logarithm term changes only slowly 
with 7. We find then that the period should be 
approximately proportionate to r, as is observed 
experimentally. On the other hand, a change in 
R affects the period chiefly through the logarithm 
term. The period is affected by changes in EF, 
only through the logarithm term. As pointed 
out above, this term varies approximately as y, 
the ratio of ga’—qp’ to tm. 

In Fig. 6(b) the values of ga’—qp’, taken from 
Table I, are plotted as a function of FE», for three 
values of R. Figure 6(c) shows the variation of 
ga’'—qr’ with 1/R for three values of E. In 
Fig. 6(a) io is plotted as a function of E, for 
R=2000 ohms. 
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To find the effect on the period of changing 
only Ey, we differentiate y with respect to E, and 
divide by y. If we use the approximation i =%o 


constant, 


1 dy 1 O(qa'—qn') 1 Oim 
1 1 


(27) 
Ey—Eo 


E,—Eo 
(Ey—E;)(E,— Eo) 


where E, and E> are the respective intercepts on 
the E, axis of the tangents to the ga’ —qz’ and iy 
curves at points corresponding to the value of 
E, in question. The fractional change in y, 
corresponding to a given change in F,, therefore 
decreases rapidly with increase in E,. It depends 
also directly upon the difference between EF, and 
Eo, which, as may be seen from the figure, 
changes little with E,, but falls off rapidly with 
increase in R. 

If E, and r are held constant and R alone 
varied, iy remains nearly constant but ga’—qp’ 
is approximately a linear function of 1/R, as 
shown in Fig. 6(c). If we neglect the changes in 
the characteristics resulting from the changes in 
the plate load and other lesser effects of the 
changes in R, we find that as R is varied the 
curves in Fig. 4(a@) are altered by varying the 
abscissas of Jo and the ordinates of Ko so that 
they remain proportional to 1/R, while the 
ordinates of Jy and the abscissas of Ky remain 
constant. If we further neglect small changes 
caused by variation in the value of i,4’, and note 
that Ko intersects the i, axis at i2=i9, we find 
the approximate relation, 


i,’ tan 6+const., (28) 


where @ is the angle between Ko and the i: axis. 
But tan @=1/gm'R, gm’ being the mutual con- 
ductance with plate load resistance R. From (28) 
we have, 


di,’ /d(1/R) =to/gm'. (29) 
Now yim = qa’ — qa’ (r 
+R)/r. Since ig’ —ia'+i,/'(r+R)/r and iy change 


only slowly with R, we find the approximate 
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relation, 
1 01, 
= —— ——— = —10/(tmgm'). (30) 
iy 0(1/R) 


The slopes of the curves in the figure agree well 
with the values computed by (30) when multi- 
plied by Zar. 


LIMITING VALUES 


The minimum voltage E,, for which the circuit 
will vibrate for a given value of R can be calcu- 
lated approximately from the Jo and Ko curves 
constructed for this value of R and some known 
value of E,, Ey’. A decrease in FE, of AE, is 
equivalent to a decrease in the grid voltage of 
AE,/u, which would shift the J» curve to the 
right and the Ky curve down, each by the amount 
AE,/uR. lf we continue to decrease the plate 
voltage we eventually reach a condition in which 
both curves have the same slope, —1, at their 
middle intersection, which is the theoretical limit 
for triggering and therefore of vibration. In Fig. 
4(a) the point on Jo with slope equal to —1 is 
marked c. To reach this limiting condition Jo 
must be shifted to the right by an amount w, 
equal to the difference between the abscissa of ¢ 
and its ordinate. Hence E,,=E,’—w/upR. The 
values of E,,, determined in this manner for the 
several values of R, are indicated in Fig. 6(}) 
by the intercepts on the EF; axis of the extrapo- 
lated curves. 

In a similar manner we can find the value of 
Ro, the minimum value of R for which the circuit 
will vibrate with a given value of E,. This is the 
value of R for which the slope of Jo at 1;=7: is 
equal to —1. But this slope is 


Hence 1/Ro=gmo, Where gmo is the mutual con- 
ductance determined with load resistance Ro and 
grid potential —Rot2= — Using this pro- 
cedure the values found for Ro were 530, 610, 
and 740 ohms for E, equal to 196, 150, and 92 
volts, respectively. The reciprocals of these 
values are shown in Fig. 6(c) as the terminations 
on the axis of abscissas of the corresponding 
extrapolated curves. 

The asymmetrical multivibrator may be 
treated in a similar manner. However, in this 
case the problem is much more complicated, 
since a separate trigger characteristic is required 
for each tube to compute the operating values of 
the tube currents and the partial periods. 
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Some Peculiarities of Heating Steel by Induction 


GeorGE I. BABAT 
Bolshaya Gruzinskaya, Moscow, Russia 


(Received August 8, 1944) 


I, THE PRINCIPAL ELECTRICAL AND MAGNETIC 
CHARACTERISTICS OF STEEL 


HEN the dimensions of the object heated 

by induction are considerably more than 

the depth of penetration of currents |Z), then 

the power taken by the object from the electro- 

magnetic field is proportional to the value 

(pu)', named the power delivery factor, while the 

thickness of the layer |Z| in which is concen- 

trated most of the heat generated is proportional 

to (p/u)', p the resistivity, and u the permeability 
of the material. 

For low carbon steel at 20°C p has the value 
10.10~°2 cm and increases monotonously with 
the temperature attaining 100.10-°2 cm at 800— 
900°C. Consequently, within the temperature 
range 20-800°C the resistivity increases about 
tenfold. 

Carbon increases the ohmic resistivity of steel 
only when in the state of a solid solution. When 
carbon is present in steel in form of iron carbides, 
its action on the resistivity is inconsiderable. 
Therefore, the resistance of plain carbon steel 
containing up to 1 percent C in the annealed 
state (lamellar or granular pearlite) is little 
different from that of pure iron. 

Other alloying elements, too, increase the 
resistivity of steel, though at the same time they 
decrease its temperature dependence. In alloys 
with high values of the resistivity (at 20°C) it 
will increase little with temperature. 

At the temperature above the magnetic trans- 
mutation point (800—900°C), all alloys of iron 
have the resistivity (120—-130).10-®2 cm. 

The values of the magnetic permeability are 
much more scattered than those of the resistivity. 
Moreover, the permeability depends widely upon 
the magnetic field strength. 

In fields of medium strength the permeability 
of low carbon steels ranges from 100 to 10,000. 
Following the most reliable data the permeability 
varies very little with the frequency, up to 107 
cycles per second. 

As the temperature is rising the permeability 
is decreasing. The point above which p=1 is the 
so-called Curie temperature—é. For soft iron 
6=768°C. Cementite loses its magnetic prop- 
erties at 216°C. 
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In high carbon and alloyed steels the permea- 
bility depends strongly upon the preceding 
thermal treatment. In the austenite state all 
steels are non-magnetic. The permeability of 
cementite is considerably less than that of ferrite. 
Therefore « may have different values—depend- 
ing upon the percentage of the carbides and the 
residual austenite. 

In Figs. 1 and 2 the value (pu)! and the depth 
of penetration |Z| are plotted against the 
temperature. These plots show how sharply 
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Fic. 1. (1). Carbon steel with 0.8-1.2 percent C. (2). Chrome 
steel. (3). Steel with 18 percent Cr and 8 percent Ni. 


| Simm 

| 
€ | | 

3 4 | 

0 500 1000" 


Fic. 2. Dependence of the depth of penetration from 
the temperature for the kinds of steel shown in Fig. 1 (the 
temperature uniform everywhere in the steel volume). 
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different is the power taken out of an electro- 
magnetic field by different kinds of steel. 
The higher (py)!, the shorter will be the heating 
time required to bring the object to the given 
temperature. For instance, heating to the 
T = 800°C a ¢ 8-mm rod of steel with 0.8 percent 
C in a cylindrical coil with the current density 
400A/cm requires 2 seconds. When treating in 
that same coil a rod of steel with 1 percent Cr, 
the temperature 800°C will be attained in the 
course of 4 seconds. The heating time for steel 
of the austenite type (e.g., Gadfield manganese 
steel or chrome-nickel stainless steel) will be 12 
seconds. 

The alloyed non-magnetic steels are ‘‘flabbily 
heating themselves in the high frequency fields. 


Il. THE STRIATED HEATING EFFECT 


Let us place a cylinder of magnetic steel in a 
heating coil (inductor) large enough so that 
the entire lateral surface of the cylinder is 
visible, and switch on the current. Heating will 
start. Suddenly on the cherry-red background 
there will flash bright orange strias. Their 
temperature may exceed 100—200°C that of the 
intervals. The general view of the cylinder will 
put in mind a tiger or zebra skin. Then the 
bright strias will expand, the dark intervals 


Fic. 3. Schematic view of a steel cylinder subjected to 
striated heating. 
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between them will become thinner, disintegrate 
to separate spots elongated in the direction of 
the eddy current lines, and finally disappear. 
Now the whole surface will be uniformly shining 
(temperature about 850°C). 

In Fig. 3 is shown schematically a steel object 
in the moment when strias have just appeared. 
This figure shows that the strias are directed 
along the lines of eddy currents. If, for instance, 
the steel cylinder were placed obliquely in 
the heating coil, the strias should be parallel 
with the turns of the coil. 

Sometimes the strias are at first very thin and 
bright. Their width is ten- to twenty-fold less 
than that of the intervals. Then the bright strias 


begin to expand. The temperature in the middle 


of them faiis. These middles extinguish while the 
rands of the strias washing out the dark intervals 
are shining still brighter. 

The striated heating effect is observed only 
with materials having high values of permea- 
bility. It isthe most pronounced in the case of 
soft iron (Armko iron), and further in carbon 
steel.of the ferrite and pearlite types. Steels with 
low permeability show a much weaker effect. 
Moreover, the striated heating effect depends 
upon the preceding thermal treatment of steel 
(hardening, annealing). 

When heating non-magnetic materials—e.g., 
austenite steel or graphite—the striated heating 
effect is not observed at all. 

The described effect may be explained by the 
redistribution of current during the heating pro- 
cedure. There may be distinguished the ‘‘forced 
striated heating’’ and the “natural striated 
heating.” 

A multiturn heating coil produces a non- 
uniform distribution of currents on the surface 
of steel. Places under the middles of the con- 
ductors are the first which attain the Curie 
temperature. The resistance of these places be- 
comes much less than that of the surrounding 
metal. Currents from the neighboring places 
gather in these strips. The current density here 
sharply increases. The specific power in these 
places ‘may exceed many times that in the 
surrounding metal. The surface of steel reflects 
the luminous pattern of the heating coil. 

This is the case of ‘‘forced striated heating.” 
The intervals between the strias are equal to the 
pitch of the heating coil. As soon as the whole 
surface of steel has passed in y-solution, the 
original current distribution will re-establish. 
Hereby the strias will disappear and the non- 
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Fic. 4. Distribution of the current J, the current density j7, and the temperature 
T over a steel surface. Vertical hatching indicates zones passed in y-solution. 


uniformity of temperatures will be of the same 
grade as the non-uniformity of the magnetic 
field produced by the inductor. 

However, striated heating “may occur, too, 
with a quite uniform field of the inductor. Let 
us consider an infinite steel plate with the current 
density uniform everywhere. Because of the 
inevitable non-uniformity of the material some 
spots on the surface will be the first to attain the 
Curie point. Lines of currents will be forced out 
thither from the.surrounding metal. The zone 
with the diminished current density (from both 
sides of the heated strip) may have the width of 
the order of the depth of penetration of currents 
in heated steel at the given frequency. This zone 
will be heated more slowly. Next, luminous strips 
will arise on the rands of the dark zone. In this 
manner the surface of metal will become adorned 
with luminous and dark strias. This is the 
“natural striated heating.’’ The interval be- 
tween two neighboring strias is determined by 
A=const.//f. The magnitude of the constant 
depends both on the thermal and electrical 
properties of steel and on the specific power. It 
has been found that in most cases the interval 
between two adjacent strias is 2000/+/f; e.g., at 
the frequency 10° c.p.s. it is 2 mm and at the 
frequency 10* c.p.s——20 mm. The intensity of 
the effect may be the same in both the single-turn 
and the multiturn heating coils. The number of 
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strias may differ from that of the turns of the 
heating coil. 

Striated heating may occur only on the condi- 
tion that the specific power on the surface of 
steel is high enough. The flux of heat from the 
surface into the thickness of metal is to be 5-10 
times more intensive than the flux of heat along 
the surface of steel which paralyzes the effect. 
The heat flux along the surface is in inverse 
proportion with the interval between the strias. 
Consequently, the power required to observe 
the effect is determined by AP>const. \/f. 
Practice shows that for the majority of sorts of 
steel it should be: 


W 
(1) 
cm? 


Sometimes when preheating steel thoroughly 
to the temperature 500-—600°C it is possible to 
observe the striated heating effect (1) with lower 
values of the specific power. 

Strias are visible during the time that the 
superficial layer having the thickness about 
twice the depth of penetration of currents in 
heated steel is passing to the non-magnetic 
modification. Calculation results in 


sec. (2) 


(0.5/2)10° 
f 
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Several bright and dark strias, may be observed 
on the surface of steel provided a width no less 
than 10 20 times the depth of penetration is sub- 
jected to simultaneous uniform heating. A ‘‘tem- 
perature plateau” no less than [(5/10)/./f]- 10° 
mm wide should exist on the surface of steel (at 
the frequency 10° c.p.s. the zone of uniform heat- 
ing should be no less than 5/10 mm). 

When the width g of the inductor is less than 
5/6 times the depth of penetration of currents 
in heated steel Zr.,, then only a single bright 
stria will appear beneath the middle of the 
inductor. The stria will expand and darken in 
the middle while the rands will become brighter. 
In this case the expressions (1) and (2) are no 
longer applicable; the “‘life’’ of strias may be 
longer or shorter than ¢. 

In Figs. 4 and 5 is shown in separate stages 
heating for hardening a steel plate with specific 
power exceeding 2,/fW/cm?. It may be seen 
that the non-uniformity of temperatures ob- 
served on the surface of steel is caused not only 
by the design of the heating coil (the inductor) 
but also by the properties of the material having 
the permeability depending upon the tempera- 
ture. 

Uniform heating-up of a surface above the 
Curie point may occur only with small values of 
the specific power. With higher power values the 
wide river of eddy currents will wash out in the 
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Fic. 5, Distribution of the current J, the current density 7, and the temperature 
T over a steel surface. Vertical hatching indicates zones passed in y-solution. 


surface of narrow steel channels consisting of 
metal having already lost the magnetic permea- 
bility. The homogeneous flow will divide into 
separate streams and arms. 

In Figs. 4 and 5 the columns on the left 
refer to steel at the temperature below the 
Curie point. The second and the third columns 
illustrate separate stages of the formation of the 
solid solution, the columns of the right—the 
final moment of heating for hardening. 

These columns do not succeed one another in 
equal time intervals. After the first stria the 
following ones arise in a quite negligible time 
lapse. The visual impression is that all strias 
arise simultaneously. In Fig. 4 these moments 
are dispersed in order to illustrate how the strias 
are arising. 

The upper row of curves in Figs. 4 and 5 
shows the distribution of the current. The dotted 
line in all these plots is the distribution of the 
current in a quite homogeneous material (in 
steel heated altogether above the Curie tempera- 
ture the distribution of the current is the same 
as in cold steel). 

The zones having passed in y-solution are 
shown by vertical hatching. 

The second row of curves (joz) illustrates the 
distribution of the current density at the surface 
of steel. The maximum current density does not 
coincide with the maximum current because the 
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latter arises in a point where the zone of metal, 
having lost the magnetic properties, is of the 
maximal thickness. The periodicity of the curve 
of the current density is twice the periodicity 
of the variation of the current. — 

The lower curves illustrate the distribution of 
the temperature on the surface of steel. Figure 4 
refers to the case when the temperature curve is 
similar to the current curve. The ‘‘fine structure” 
of striated heating shown in Fig. 5 refers to the 
case when the temperature curve is similar to 
the curve of current density. 

According to these figures it may be concluded 
that the higher the specific power applied to 
steel, the less will be the thickness of the zone of 
y-solution attained in the moment when the 
bright strias will close together. 

When it is necessary to harden a width of steel 
surface of the order of 2000/\/f mm over a 
thickness less than 600/,/f mm, then the corre- 
lation of the width and the thickness of the 
hardened zone will be determined not only by 
the dimensions of the inductor, but also by the 
specific power and the heating time. The higher 
the specific power and the less the heating time, 
the higher will be the width-to-thickness ratio. 

When hardening crankshafts at the frequency 
2000 c.p.s. with a small value of the specific 
power, the heated layer will be of a great 
thickness but considerably more narrow than 
the inductor. When it is desirable to obtain a 
wider layer reaching the cheeks, it is necessary 
to raise the specific power and to reduce the 
heating time. Practically it is difficult to obtain 
at the above frequency the width-to-thickness 
ratio exceeding 10. So long as 5<600/,/f, the 
width of the hardened layer will always be less 
than the width of the inductor. 

It is essential to note in this place that in the 
case when the zone to be heated is narrower 
than 2000/,/f mm, the thickness of the layer 
is smoothly increasing with the heating time. 
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With given specific power, the thickness of the 
hardened layer may be modified within very 
wide limits by varying the heating time. This 
is not true when heating a zone wider than 
2000/./f mm. In this case y-solution is building 
in form of strips which have time to obtain some 
thickness before closing together. However, the 
thickness of the layer of y-solution is not uniform 
even after the closing together of strias. The 
final levelling may proceed owing to heat con- 
duction as soon as the thickness of the layer 
(6) exceeds 600/\/f mm. 

The “striated heating’’ effect embraces the 
appraisement of the distribution of electromag- 
netic field strength by means of observing 
visually the heating intensity. When a cylinder 
of ferromagnetic material is brought into a 
homogeneous field, its rands will become brightly 
luminous while the middle part of its lateral 
surface and the bases will remain cold. In a 
cylinder of non-magnetic material the rise of 
temperature on the rands will be considerably 
less pronounced. 

When heating a sphere of ferromagnetic ma- 
terial in a homogeneous field a very bright stria 
will be visible on the equator of the sphere, 
although the initial distribution of eddy currents 
will not have such a pronounced maximum. 

The “striated heating” effect may be utilized 
to make up the judgment upon the readiness of 
the object for hardening. Provided the heating 
coil does not envelop the object very closely, it 
is easy to catch by sight the moment when the 
dark and the luminous strias on the surface of 
the object will be washing themselves off and 
fusing together—this will be the starting point 
for the whole superficial layer to pass in solid y- 
solution. Fixing the moment of vanishing of 
strias does not require such a skilled eye as the 
visual determination of temperature. This is 
even easier than measuring the temperature of 
an optical pyrometer. 
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On the Solution of Definite Integrals Occurring in Antenna Theory 
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A certain type of definite integrals occurring often in the evaluation of mutual impedance 
of antennas is solved by the use of differential equations. 


ig the evaluation of the mutual impedance of 
antennas integrals of a certain type often 
arise. These integrals, up to the present time, 
had to be evaluated numerically as no analytical 
expression for them was known. 

A number of such integrals occur in a recent 
paper. All integrals of this particular group are 
solved by the evaluation of the following integral 


0 2°+r?)! 
A similar integral, 
* cos B(z?+/*)! sin Bz 
j= f (2) 
0 2(s*+/?)! 


has occurred in our work. 

The above integrals can be evaluated by the 
use of differential equations. For example, by 
substituting 

z=rtang¢ (3) 


into (1), we have 


tan71 
exp (k sec sec gdyg, (4) 
0 


where k= — j@r. 


Differentiating (4) twice with respect to k. 


under the integral sign, we obtain 


-{ exp (k sec g) sec? gdy = (5) 
dk 0 
and 
A/r 
exp (k sec ¢) sec® 
dk? 0 
tan”! A/r 
-{ exp (Rk sec ¢) 
0 


Xsec g(i+tan’? g)dy. (6) 
! Charles W. Harrison, Jr., J. App. Phys. 14, 306 (1943). 
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The first term on the right side of (6) is equal 
to J, our original integral; the second term can 
be integrated by parts. After making use of (5) 
we get 


1dI 


dk* kdk kr r 


It is interesting to note that the comple- 
mentary equation 


dk? 


+-—-I=0 (8) 


is the differential equation for the modified 
Bessel functions. 

To obtain a solution for (7) we expand the 
right side of (7) in a power series: 


h k a» (bk)” 
|=" 
kr r n=o mn! 
where 
h (h?+r?)! 
a=- and b=————. 
r r 
If we let 
I= > anak", (10) 
m=0 


and substitute (9) and (10) into (7) we can, asa 
result, obtain the following recurrence relation: 


1 ( —) 
}. 
(m+1)? m! 


The subscripts of the coefficient a in Eq. (11) 
differ by two; hence, we can obtain two inde- 
pendent series, one in even powers of a and one 
in odd powers of a. The general terms for the 
coefficients of these two series can be written, 


(11) 
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respectively, as 
do ab 
+ 
227(p!)? 2?”(p!)? 
p 
(2u—1)! 
2??(p!)?a » (2v)!7b\” 
(- | 13 
Noting that 


(12) 


and 


where {Xo(k) is the modified Bessel function, the 
integral can be written now as 


ab 


T=aoSo(k) + 
p=1 2°?(p!)? 


> 
x| [(u—1)!]?(2d) 
(2u—1)! 


22°(p!)%a [ p (2v)!7b\* 
1 (15 


Equation (15) already contains one of the solu- 
tions of the modified Bessel equation (8). As the 
other solution of (8) is infinite, its coefficient 
must be zero for the integral J to be finite. 
Hence (15) represents the complete solution of 
(7). 

To determine the arbitrary constant do we 
evaluate the integral (4) for k=0: 


tan—! 
sec gdy =— ln ——————.._ (16) 
0 (h?+r*)!—h 
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For_k=0, Eq. (15) becomes 
(17) 


ln (18) 
(h?+r*)t—h 


hence 


and this value of a) can now be substituted in 
the Eq. (15). 
Remembering that k= —j6r, we have 


So(k) = Jo(Sr) (19) 


and substituting (19), k= —j8r and the values 
of a and b in Eq. (15) we write now the solution 
of our integral as 


@ p\(2Br)? 


(2v)! h?+r?\" 
(v!)2\ 

Integral J, Eq. (2), is solved in a similar 
manner. The complementary equation of the 
resulting differential equation is, however, in 
this case linear with constant coefficients. 

The series in Eq. (20) and the corresponding 


series for J converge very rapidly for antennas 
of one wave-length or less. 


Jo(8r) 
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centrations in shafts with transverse circular holes in 
tension. Relation between two- and three-dimensjonal 
factors, M. M. Frocht—72 

Torsional, Forced torsional oscillations of an elastic half- 
space. I, E. Reissner and H. F. Sagoci—652 

Torsional, Forced torsional oscillations of an elastic half- 
space. II, H. F. Sagoci—655 
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Torsional vibration of multi-disk systems, E. Fisher—676 

Total and free energies of formation of the oxides of thirty- 
two metals, M. de K. Thompson—S581 (review) 

Transition, Thermal expansion and second-order transition 
effects in high polymers, R. F. Boyer and R. S. Spencer 
— 398 

Transmission-line theory and its application, R. King—292 
(erratum) 
Transmission line theory applied to wave guides and 
cavity resonators. 1, D. Middleton and R. King—524 
Transmission line theory applied to wave guides and 
cavity resonators. II, D. Middleton —535 

Tube, Magnetically focused radial beam vacuum, A. M. 
Skellett —704 

Twinning in zinc oxide, M. L. Fuller—164 

Twist, Extension of the conventional twist multiple for- 
mula to new materials, S. L. Gerhard—474 

Two-dimensional problems of elasticity, General solution 


of, L. Beskin—562 


U. S., Mobilization of scientific resources—IV, The U. S. 
Navy, E. Hutchisson—203 

U. S. Naval research Laboratory, A. H. Van Keuren—221 

U.S. Navy Radio and Sound Laboratory, P. H. Hammond 

-240 

U. S., Organization of the U. S. Navy, E. Hutchisson—205 

U. S., Research and experimental activities of the U. S 
Naval Proving Ground, D. I. Hedrick—262 


Vector, Simple vector method for the determination of 
orientation of cubic single crystals from back reflection 
x-ray photographs, B. F. Decker—610 

Velocity, Electromagnetic velometry. 1. A method for the 
determination of fluid velocity distribution in space and 
time, A. Kolin —150 

Velometry, Electromagnetic velometry. I. A method for 
the determination of fluid velocity distribution in space 
-and time, A. Kolin—150 

Vibrating bodies, Numerical method in the theory of, 
\. Vazsonyi—598 

Vibration of a hinged beam, General, H. K. Brown—410 

Vibration, Resolution of boundary value problems by 


means of the finite Fourier transformation: General 
vibration of a string, H. K. Brown—292 (erratum) 

Vibration, Torsional vibration of multi-disk systems, E. 
Fisher—676 

Vibrations by use of materials of high damping capacity, 
Problem. of reduction of, A. Gemant—33 

Viscosity of water, J. R. Coe, Jr., and T, B. Godfrey— 
625 (L) 

Vulcanizate of natural rubber, Stress-temperature relations 
in a pure-gum, L. A. Wood and F. L. Roth—781 

Vulcanizate, Some relations between stress, strain, and 
temperature in a pure-gum vulcanizate of GR-S syn- 
thetic rubber, F. L. Roth and L. A. Wood—749 


War and industry, Basic mathematics for, P. H. Daus, 
J. M. Gleason, and W. M. Whyburn—S519 (review) 

Water in capillary tubes, Rate of rise of, G. Pickett —623 
L) 

Water, Viscosity of, J. J. Coe, Jr., and T. B. Godfrey— 
625 (L) 

Wave guides and cavity resonators. I, Transmission line 
theory applied to, D. Middleton and R. King—524 

Wave guides and cavity resonators. II, Transmission line 
theory applied to, D. Middleton —535 

Weather, Astronomy, maps, and, C. C. Wylie—581 (re- 


view) 


X-ray measurement of order in the alloy CusAu, Z. W. 
Wilchinsky —806 

X-ray micrographs, Microradiographs and, E. L. Garvin 
—455 (L) 

X-ray, Simple vector method for the determination of 
orientation of cubic single crystals from back reflection 
x-ray photographs, B. F. Decker—610 

X-ray studies of chain polymers, I. Fankuchen and H. 
Mark—364 

X-ray study of the copper-manganese binary alloy system, 
L. D. Ellsworth and F. C. Blake—507 

X-ray structure of rubber and the size and shape of rubber 
crystallites, Observations on the, S. D. Gehman and 
J. E. Field—371 


Zinc oxide, Twinning in, M. L. Fuller—164 


JOURNAL OF APPLIED PHYSICS 


1 
— 
4 
4, 
eh 
< 
4 
pe 


December, 1944 


COLOR PHOTOGRAPHY 


for Scientific and Technical Purposes 


Color photography has many applications in scientific and technical 
fields. It has been used with success in the following: 


Aerial photography Medicine; Dentistry 
Archaeology Metallography 

Botany Meteorology 

Documentary photography Mineralogy; Petrography 
Engineering Photomicrography 

Field studies of all kinds Reproduction of works of art 
Forestry; Geology and museum pieces 


The Eastman Kodak Company will be pleased to advise about the appli- 
cations to specific problems of any of the following direct-color processes: 
Kodachrome transparencies, and 16-mm. and 8-mm. motion pictures. 
Kotavachrome Professional Prints—sizes 8x10 inches and 11x14 inches, 
from Kodachrome transparencies made on sheet Kodachrome Film. 
Kodak Minicolor Prints—sizes to 11x14 inches, from miniature (24x36- 
mm. and 28x40-mm.) Kodachrome transparencies. 
Kodacolor Film for roll-film cameras—provides color negatives from 
which color prints are made. 


EASTMAN KODAK COMPANY, Rochester 4, N. Y. 


GAERTNER 


PRECISION SPECTROMETER 
Catalog No. L112 


Tangent Screw has 5° range, permits direct reading to 6 seconds. Convenient 
Manipulation. Stable Adjustments. Excellent Optical Parts. Rigid Construction. 


Other types of Spectrometers available 


We manufacture a variety of optical instruments such as spectro- 
scopes, spectrographs, spectrophotometers, etc., also precision 
measuring instruments for industrial and educational laboratories. 


THE GAERTNER SCIENTIFIC CORPORATION 


1212 WRIGHTWOOD AVE. « CHICAGO 14 e¢ U.S.A. 
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Recent Applications of Physics 


Prepared by CLARK GOODMAN, Associate Editor 


Material to be included in this section should be submitted to Dr. 
Clark Goodmian, Massachusetts Institute of Technology, Cambridge 39, 
Massachusetts. 


Electronic Tachometer, 
Accelerometer, and 
Vibrometer 


The adjustment and bal- 
ancing of gyroscope rotors to 
conform to the necessarily 
rigid specifications of airplane 
instruments require ingenious techniques. C. G. Conn, 
Ltd., of Elkhart, Indiana has developed an electronic 
device! that rapidly and accurately measures rotational 
speed, acceleration, and vibration without applying any 
appreciable load to the rotor. The principles involved are 
applicable to a wide variety of industrial problems. The 
tachometer and accelerometer use an electrostatic pick-up 
consisting of a probe electrode placed near the periphery 
of the rotor directly adjacent to the gyro vanes. As the 
rotor revolves, the periodic change in capacitance between 
the probe and the vanes causes a cyclic redistribution of 
charge in the grid circuit of a 6SJ7 input tube, which is the 
first of a two-stage class A voltage amplifier. Oscillograms 
of the voltage obtained show that the voltage varies 
considerably from one cycle to the next because of minor 
irregularities in the individual vanes. For this reason, 
rotational speed cannot be determined accurately from 
the frequency alone, but is preferably obtained by inte- 
grating clipped pulses. This is accomplished with three 
successive stages: a class C limiter, a saturated class C 
square-wave clipper, and a class B metering circuit ampli- 
fier. The tachometer is calibrated for two ranges of rota- 
tional speed, 400 to 1000 r.p.m. and 5000 to 15,000 r.p.m. 
When used as an accelerometer, generally in testing the 
deceleration during coasting, the pulses are fed into a 
differentiating stage and then into a vacuum-tube volt- 
meter operated at a low plate voltage. A phonograph-type 
crystal pick-up is used for detecting vibrations. After 
amplification the output from the crvstal actuates a peak- 
discharge circuit if the rotor needs adjustment. When 

roperly balanced, it is virtually impossible to ascertain 
oe touching the frame or listening to the unit whether the 
rotor is stationary or revolving. 


1 Electronics, p. 100 (June, 1944), 


By passing light through 


Photoelectric 
Plethysmograph tissue and measuring the 
opacity with a photo-cell, the 
state of fullness of blood vessels can be determined. A 
recording device of this type is known as a photoelectric 
lethysmograph. Dr. W. E. Gilson of the University of 
Nisconsin Medical School has recently developed an 
instrument of this type’ that uses a direct-coupled push- 
pull amplifier feeding into a recording milliammeter. The 
particular study in progress is to measure dilatations of 
the ear of high altitude fliers, since it has been found that 
the opacity of the ear is related to the amount of oxygen 
in the blood. It is also of interest that the method can be 
used as a measure of blushing in response to certain 
emotional stimuli. 


1 Electronics, p. 116 (July, 1944). 


Magnetic Optical Bench The difficulties of align- 
ment are familiar to anyone 
who has attempted to set up an optical system in the con- 
ventional manner. The procedure has been considerably 
simplified by the use of a new type of stand which has an 
Alnico magnet embedded in its base. All that is required is 
a ferromagnetic surface against which the stand base may 
be placed. This surface may be a metal-topped table or a 
sheet of iron mounted on a wall. Two-dimensional adjust- 


ment in the plane of the mounting surface is achieved by 
merely sliding the base by hand. Adjustment perpendicular 
to the surface is by means of a manually operated clamp. 


Stresses and Strains As a result of accelerated 
production, it has been neces- 
sary to develop methods for strain measurement under 
actual operating conditions. One such device,’ the re- 


sistance-wire-strain gauge, consists of a small grid of 


Strain gauge applied to metal strip with Duco cement. 


Stresscoat patterns on built-up beryllium-copper bellows. 


one-mil wire supported by paper or plastic and cemented 
firmly on the spot where strains are to be measured. 
When stretched or compressed, the wire changes its elec- 
trical resistance linearly with the strain. Hence static or 
dynamic strains up to the highest rates of explosive loading 
— be measured to a lower limit of about 10~¢ inch per 
inch. Such strain gauges are particularly useful for measur- 
ing dynamic working loads that cannot be readily calcu- 
lated, as well as in proving the validity of different assump- 
tions as to the natural periods and modes of vibration. 
Many measurements of loads in airplane structures during 
test maneuvers are recorded on multi-element oscillo- 
graphs. However, in the latest method changes in gauge 
resistance are used to modulate high frequency radio 
waves, transmitting to the laboratory oscillograph the 
strains during a test flight from distances up to 150 miles. 
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ODAY more and more industrial production and 
‘eee executives realize more keenly than ever 
before that particle size, shape and surface character- 
istics may exert a vital effect on the quality, cost and 
appreciation of their products. 


Development of the RCA Electron Microscope has 
made it possible for such executives and technicians to 
see, study and sharply photograph particles far too small 
to be observed with any ordinary microscope. 


In the laboratories and plants of many leading indus- 
trial and scientific organizations the RCA Electron 
Microscope now provides the means by which the cause 
of many product failures...and the key to many prod- 
uct improvements and controls...are being determined 
and checked. An excellent example of this trend is cited 
in the advertisement reproduced above. 


For information regarding the RCA Electron Micro- 
scope please address your inquiry to Electron Microscope 
Section, Rapio CorPoraTION OF America, Camden, N. J. 


25 Years of 
Progress in Radio 
and Electronics 


tn Canada, RCA Victor Company Limited, Montreal 


. 
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Recent Applications of Physics (continued) 


Stresscoat,? a limed wood resin dissolved in carbon 
disulfide, is a brittle lacquer that is widely used for quanti- 
tative strain measurements of complex mechanical parts. 
The surfaces are painted with a thin coating which quickly 
dries to a brittle film. When the metal part is subjected 
to an applied stress, the coating forms a series of cracks 
“along the lines of maximum resolved tension. Compression 
strains may be indicated by applying the test load before 
the coating has dried, and then observing the cracks which 
result on the release of the load. The sensitivity of the 
lacquer in each test is determined by a calibrating bar, 
coated, dried, and loaded at the same time as the test. 
Full-size parts or models may be used. This method of 
exploring local strain distribution is usually done in the 
laboratory after the direction and distribution of the 
working loads have been measured by means of strain 
gauges. 

1A. V. de Forest, Metal Progress, pp. 719-723 (May, 1943). 


2 A. V. de Forest, G. Ellis, and F. B. Stern, Jr., J. App. Mech. 9, 184 
(1942). 


Dehydrated Spinach Popeye seems to derive the 
same energizing effects from 
spinach regardless of whether it is freshly prepared, canned, 
or dehydrated. However, a recent study! indicates that the 
nutritional value and palatability of this all-too-familiar 
vegetable depend upon its treatment. These properties 
can be carrelated with changes in color and pigment con- 
tent. Thus spectral reflectance measurements from the 
material or absorption spectra of extracts can be used to 
indicate the chemical changes during processing and 
storage of spinach. Such experiments have shown that, in 
unblanched dehydrated spinach, destruction of chlorophyll 
is positively correlated with moisture content and is 


A i | 


400 to 600 $0 600 60 
WAVE-LENGTH (my 
Courtesy of Industrial and Engineering Chemisiry 


affected very little by the oxygen content of the storage 
atmosphere. The destruction of carotene is, however, 
greatly dependent upon oxygen in the storage atmosphere, 
but is independent of the moisture content of the dried 
product. The destruction of chlorophyll may be regarded 
as an indication of loss of palatability and ascorbic acid, 
but does not indicate loss of carotene. Because changes in 
chlorophyll obscure color changes owing tocarotenecontent, 
the latter cannot be correlated with reflectance measure- 
ments. The accompanying spectrophotometric curves made 
on extracts reveal the changes observed for dehydrated 
spinach stored 32 weeks in air and containing 2 percent 
moisture (B) and 16.3 percent moisture (C), as compared 
with fresh spinach (A). The effect of converting this fresh 
extract of chlorophyll to pheophytin by the addition of 
oxalic acid is shown in curve D. The similarity with curve 
C is apparent. 

Although the importance of chlorophyll to nutrition and 
to taste and flavor has never been demonstrated, it is 
labile in nature and in the storage of unblanched de- 
hydrated spinach its conversion to pheophytin may serve 
as an indication of the state of certain other labile sub- 
stances important to nutritional value and to quality. 


1H. J. Dutton, G. F. Bailey, and E. Kobake, Ind. Eng. Chem. 35, 
1173-1177 (1943). 


Plastic Models If a photograph is worth 
a thousand words, a trans- 
parent working model of an intricate machine should be 
worth a thousand photographs. The Ford Motor Company 
at its Willow Run airplane school has developed a system 
of teaching with the aid of Plexiglas models, which has 
yielded astonishing results in increasing efficiency. This 
method of instruction is being extended throughout the 


plant with a view to familiarizing workers with the intricate 
mechanisms that go into the construction of the B-24 
Liberators which the company is manufacturing. The 
accompanying photograph shows a model of a B-24 brake 
valve. Acrylic plastics are particularly well suited for the 
manufacture of these models. In addition to their trans- 
parency, the ease of machining makes it possible to utilize 
actual metal parts as inserts. The transparent models offer 
advantages over the conventional cut-away models in that 
all parts are intact and the operation is identical with 
that of actual working conditions. These models also offer 
promise as an aid in engineering design. 
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THE DuMOND-KNUDSEN | 


VACUUM GAUGE 


An improved form of the gauge described in Rev. Sci. 
Inst. 6, 362 (1935). Indicates vacua from 10-° mm Hg 
to 6 X 10-4 mm Hg. 


A light rectangular vane is suspended on a tor- 
sion fiber in the vacuum. Gas molecules from a 
heater bombarding the vane cause more pressure 
to be exerted on that side so that the vane rotates 
against the restoring torque of the fiber in propor- 
tion to the vacuum pressure. 


Maximum temperature rise of the heater 70° C 


Gauge comes provided with. lamp and scale, 
permanent damping magnet, and transformers for 
lamp and for heater. 


Advantages over Pirini and ionization gauges: 


Filament cannot burn out even if vacuum is 
broken. 


Absolute zero pressure point readily checked 
at any time by turning off heater supply. 


No auxiliary electrical meters or equipment 
required. 


Bell-jar type envelope easily removable. 
Will not decompose or “crack’’ vapors. 


No outgassing necessary. 


VACUUM SPECIALTIES LABORATORIES 
530 South Greenwood Avenue 
PASADENA 8, CALIFORNIA 
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TYPE 248 DuMONT 


+ Incorporating the most advanced features, 
this latest oscillograph is now available at 
moderate cost as a standard commercial in- 


strument. It will be especially welcomed by 
the investigator heretofore restricted in his 
work by the inadequate performance or the 
prohibitive cost of existing equipment. 


Portable. Twounits. Either transient or re- 
current phenomena can be displayed. Also 
accommodates phenomena of inconstant repe- 
tition rate. Leading edge of short pulses is 
not obliterated. Accelerating potential ap- 
plied to cathode-ray tube is great enough to 
permit study of extremely short pulses with 
low repetition rates usually observed only with 
specialized and costly oscillographic equipment. 
Etc. In short, this instrument removes the 
very noticeable deficiencies in commercial test 
equipment performance brought to light by 
recent advances in electronic technique. 


* Write for Literature... 
oUMONT ALLEN B. DU MONT 


LABORATORIES, Inc. 


Cable Address Wespealin,"New York 
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Standard Macmillan Texts 


Physics 


By F. L. ROBESON | 
Professor of Physics, Vifginia Polytechnic Institute 


“An excellent text.” ScIENCE 
AND MATHEMATICcs. A thorough treat- | 
ment of elementary physics made ex- 
ceptionally clear and interesting to the 
student who has not had previous ex- 
perience with the subject. Precise ex- 
planations make it unnecessary for the 
instructor to “explain the book.” <A 
sufficient number of graded problems 
are given to provide exercises for sev- 
eral years without duplication. $4.50 


Electricity & Magnetism 


By NORMAN E. GILBERT 
Professor of Physics, Dartmouth College 


“Professor Gilbert has written an 
excellent book. . The volume con- 
tains an amazing amount of informa- 
tion and the author exhibits a gift of 
extracting the essence of a_ subject 
and presenting it in a simple, straight- 
forward way. Much of it is inspiring 
reading.” Review or Screntiric In- 
STRUMENTS. A carefully exact ‘presen- 
tation for engineering students. Rev. 


Ed. $4.50 


Fundamental Electronics 
and Vacuum Tubes 


By ARTHUR L. ALBERT 


Professor of Communication Engineering, Purdue University 


“One of the best texts on the funda- 
mentals of electronics. . . . Unusually 
complete in its treatment of the sub- 
ject, and is written ina style that is 
not only easily understood but is 
actually readable.” JL. oF THE WestT- 
ERN Society OF ENGINEERS. Designed 
for use in college and_ university 
courses covering the fundamentals of 
electronics and vacuum tubes. $4.50 


The Macmillan Co., 60 Fifth Ave., New York 11 


vil his new catalog 


168 pages — 

Over 2500 items in 
PYREX brand 
laboratory Ware 
PYREX brand 
Fritted Ware 
PYREX brand 

Low Actinic Ware 


PYREX brand 
Pharmaceutical 
Ware 
PYREX brand 
Tubing and Rod 
VYCOR brand 
leboratory Ware 
CORNING brand 
Alkali Resistant 

(Boron-Free) Ware 


Laboratory & Pharmaceutical Sales Dept., 40 
CORNING GLASS WORKS, CORNING, N.Y 


Please send me a copy of the new Laboratory Glassware Catalog LP24. 


VICOR” 


PYREX 


LABORATORY WARE 


"42 CORNING GLASS WORKS 


NEON ARGON 


KRYPTON XENON 


HELIUM 
MIXTURES 


RE GASES 


Spectroscopically Pure 
Easily removed from bulb 
without contamination 


Scientific uses for Linde rare gases include— 
1. The study of electrical discharges. 
2. Work with rectifying and stroboscopic devices. 
3. Metallurgical research. 
4. Work with inert atmospheres, where heat con- 
duction must be increased or decreased. ° 

Many standard mixtures are available. Special 
mixtures for experimental purposes can be supplied 
upon request. 

The word ‘‘Linde”’ is a trade-mark of 


THE LINDE AIR PRODUCTS COMPANY 
_* Unit of Union Carbide and Carbon Corporation 


30 E. 42nd St, New York 17 Offices in Principal Cities 


In Canada: Dominion Oxygen Company, Ltd., Toronto 
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RUBICON 
“SPOTLIGHT GALVANOMETERS 


RUBICON MULTIPLE REFLECTION GALVA- 
NOMETERS are available with sensitivities as high as 
5x<10°° amp. or 1X10°* volt per mm. scale division 
and with periods as short as one second. The scales 
are 100 mm. long and are remarkably proportional. 

Hundreds of these sturdy self-contained galva- 
nometers are in daily use in leading educational and 
industrial establishments for precision measurements 
by both the null and the deflection methods. De- 
scribed in Bulletin 320. 


RUBICON COMPANY 


ELECTRICAL INSTRUMENT MAKERS 
Ridge Ave. at 35th Street Philadelphia 32, Pa. 


DO YOUR REQUIREMENTS CALL FOR 


POWER RHEOSTATS ? 


Jagabi “Lubri-tact” Adjustable Rheostats can be 
incorporated in your electrical equipment with 
assurance of long, trouble-free service. Furnished 
either with or without metal cage housing, these 
Rheostats combine heavy machine-like construc- 
tion with instrument accuracy. Precise adjustment 
over a wide range; smooth operation and long life 
assured by a permanently lubricated sliding con- 
tact. Available in four sizes and 76 ratings up to 
25 Amps., in either manual-slide or screw-adjust- 
ment types. 


Write for descriptive Bulletin 1620-R 


JAMES G. 


ELECTRICAL AND SCIENTIFIC INSTRUMENTS 
1211-13 ARCH STREET PHILADELPHIA, 


BIDDLE CO. 


PA. 
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Is a Close Second, Mr Edison 


panes EDISON rightly claimed that 
time is the most valuable thing in the 
world, but there’s no gainsaying that ACCU- 
RACY is a close second. For instance, accurate 
control of processing temperatures and pH 
saves rehandling, hence time. 


For this purpose potentiometric instruments 
are supreme and their accuracy, for 25 years, 
has been largely due in most cases, to EPLAB 
Standard Cells. The latter were the first com- 
mercial cells of their type on the market and 
have made mass production compatible with 
uniformity in many fields. 


Practically all our production is devoted to this 


one product. 


| 


A. 


THE EPPLEY() 
LABORATORY, INC.;~ 


INSTRUMENTS| 


ISLAND, U.S.A. 


-EPLAB Standard CELLS 


For Potentiometric Instruments 


“As Standard as Sterling” 
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A Rare Opportunity for 
Several Top-flight Radio 
and Mechanical Engineers 


@ The Research and Development Division of this 
Company, which has made an enviable reputation 
in the design and production of radio communication 
equipment both before and since Pearl Harbor, 
offers a worth-while future to several men of first 
class talent and training. 


The radio engineers must have proved exceptional 
ability in designing radio communication, radar, air 
traffic control, or fire coritrol equipment, during at 
least three years of experience. 


The mechanical engineers will be called on for 
outstanding skill in the design of small, intricate 
mechanical parts. The need is for men who are 
rich in ideas and mature in judgment. 


If you can qualify, and are giving serious thought 
to future security, write us fully, stating age, edu- 
cation, experience, draft status, and compensation 
desired. Must comply with W.M.C. regulations. 
Our staff knows about this advertisement. Address 
Box 1244B, 57 East 55 Street, New York 22, N. Y. 


HELP WANTED 


Engineering graduate, specialist in optics, for design of lenses and 
projection systems needed for television development work by Re- 
search Laboratories of Columbia Broadcasting System. Two or three 
years’ experience in optical field very desirable. Must be over 26. 
Our employees know of this advertisement, and replies will be kept 
confidential. Write, giving all details, to Columbia Broadcasting Sys- 
tem, Department of Engineering Research and Development, 485 
Madison Avenue, New York 22, New York. 


A company manufacturing textiles, plastics, and chemicals is ex- 
panding its Physical Research Department. it requires the services 
of two or three physicists with or without industrial experience. Al- 
though engaged in essential War activities, the company’s business and 
its research program will continue unabated in peacetime. All ap- 
plicants will be required to comply with War Manpower Commission 
regulations. Our staff knows of this advertisement. Interested men 
or women should forward the usual information about themselves to 
Box 1244E, 57 East 55 Street, New York 22, N. Y. 


WANTED: SALES ENGINEER—Experienced in the field of Pre- 
cision Scientific and Optical Instruments for Industrial, Institutiona! and 
Laboratory users. Must have technical background and sales organiza- 
tion ability for setting up and developing the postwar markets for a 
substantial and well-equipped New York corporation manufacturing the 
highest types of Instruments and Optics. This is a real opportunity 
for the right man to head up our sales engineering department for post- 
war work. Write fully education, background and experience. Re- 
=! FT eo Write Box 1244D, 57 East 55 Street, New 
fork 22, N. Y 


ELECTRONIC EXPERT 


Needed in management of large New York plant. Capable of 
supervising manufacture of transmitting and receiving radio 
assemblies, transformers and other electronic equipment. Ex- 
cellent opportunity. Write personal and professional qualifica- 
tions, salary expected. Box 212, Suite 1024, 122 East 42d 
Street, New York 17, N. Y. 


PHYSICISTS WANTED 


Additional physicists are needed in research. 
Positions are open, to persons with undergrad- 
uate and graduate college training with or with- 


out previous experience. 


These opportunities exist in permanent job 
classifications within the Company and not only 
offer excellent postwar possibilities in’ the 
rapidly expanding field of petroleum research, 
but also provide an immedjate opportunity of 
making an essential contribution to the war 
effort. 


The work involves the application of physics to 
the finding, producing, and refining of oil. 
Various phases of spectroscopy, x-ray dif- 
fraction, electron and ion optics, classical 
mechanics and electricity, communication, and 
electronics are employed in petroleum physics. 


Compliance with War Manpower Commission 
regulations will be required of all applicants. 
Furnish complete professional and personal 


data. 
WRITE BOX 1244F 
57 East 55 Street New York 22, N. Y. 


POSITION WANTED 


Physicist, Ph.D., experienced spectroscopist and teacher, now in charge 
of Laboratory of Industrial Spectroscopy at large university, seeks posi- 
tion of greater opportunity. Write Box 1244C, 57 East 55 Street, 
New York 22, N. Y. 


PHYSICIST-EXECUTIVE—Ph.D. experience: commercial laboratory 
research and supervision, and management of small group designing 
and manufacturing electronic test equipment. Position wanted as 
manager of development for a large corporation or general manager of 
a small highly technical business. A good connection is a fundamen- 
tal requirement. An increase in earning power is not e ted. Re- 
ply to Box 1244A, 57 East 55 Street, New York 22, N. Y. 
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Geiger-Counter X-Ray Spectrometer for Process 


ESIGNED and engineered by an organization with a back- 
D ground of over 50 years in electrical research, development 
and manufacture, the new Noretco Geiger-Counter X-Ray 
Spectrometer is a revolutionary development based on newly 
applied principles of diffraction technique. Using a direct-reading 
method, no film is required. The speed of analysis is increased 
and greater accuracy obtained. 


The Spectrometer is simple, rapid and easy to operate. It 
provides a fast medium for the qualitative and quantitative 
analysis of crystalline and certain amorphous materials, quickly 
identifying chemical substances present and their state of 
chemical combination. 

Components of mixtures in the order of one per cent and 
often less can be measured. Under optimum conditions of 
resolution, diffraction angles are obtained with an accuracy of 


+0.03 degree. 


Identification of certain substances has been effected in as 


Oreico Electronic Products by 


Reg. U.S. Pat. Off. 


OTHER NORELCO PRODUCTS: 
Cathode Ray Tubes; Searchray (Industrial X-ray) Equipment: Medical X-ray Equipment, Tubes 
and Accessories; Electronic Measuring Instruments; High Frequency Heating 

munications Equipment; 


a in Dobbs Ferry, N. Y.; Mount Vernon, N 
pay peer in Canada by Electrical Trading, 


Control and Research 


Simplicity of operation and speed 
of citintes direct readings are 
outstanding features of this new 
Spectrometer. 


little as 10 minutes. By concentrating on characteristic identi- 
fying reflections, analysis time can frequently be reduced from 
hours to minutes, making the Spectrometer particularly valu- 
able in process control where the time element is of highest 
importance. 


The specimen intercepts an X-ray beam in such a manner 
as to deflect portions of the beam at various discrete angles 
over a quadrant scale. The reflections are located by means of 
a highly sensitive Geiger-Counter tube mounted on a movable 
arm that traverses the scale. Radiation intensity is integrated 
and totalized by an electro-mechanical counter, while average 
intensity is indicated by a microammeter, both connected to 
the Geiger-Counter through electronic circuits. 


Judging from results already obtained, the Noretco Geiger- 
Counter X-Ray Spectrometer will have a wide field of appli- 
cation as a research instrument and as an industrial tool. Write 
today for descriptive literature, prices and delivery date. 


uartz Oscillator Plates; Amplifier, Transmitting, Rectifier and 


uipment; Com- 
Tungsten and Molybdenum products; Fine Wire; Diamond Dies. 
It will pay you to visit our Industrial Electronics Showroom when in New York. 


NORTH AMERICAN PHILIPS COMPANY, INC. 


Dept. z-12, 100 East 42nd Stoeet, New York 17, N.Y 
_ Y. (Metalix Div. ): ‘Lewiston, Me. (Elmet Div.) 
Ltd., Sun Life Bidg., Montreal, Centre 2; 


ngland by Philips Lamps, Ltd., Century ouse, "Shaftesbury Avenue, London, W.C.2. 


A 
| 
2 
‘ 
i 2 
be 


December, 1944 


INDEX TO ADVERTISERS 


Name Page 
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Testing and Speed-Measuring Instruments; Vibrating- 

Reed Tachometers and Frequency Meters. 


CENTRAL SCIENTIFIC COMPANY ......--c0eceece- Cover 4 
Manufacturers of Cenco Physical Apparatus and Instru- 
ments to meet all requirements of University, College 
and High School Physics Laboratories. Specializing in 
high vacuum pumps and development of instruments and 
apparatus for various sciences. 
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Manufacturers of Pyrex brand ‘Laboratory Glassware 
oucing Fritted Ware and Vycor brand Laboratory 
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B. DuMont LABORATORIES ..........- .. XXiii 
Cathode’ Ray Tubes, Oscillographs and Accessory "Ap- 
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EasTMAN KopaK CoMPANY 


Purified Organic Chemicals for research purposes; Plates 
for Photography, Photomicrography, Spectroscopy, Pho- 
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Films. 
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Vacuum Tubes. 
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Manufacturers of electronic measuring instruments; 
vacuum-tube voltmeters, amplifiers and oscillators; wave 
analyzers, noise meters and analyzers, stroboscopes; lab- 
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uency; impedance bridges, decade resistors and con- 
nsers; air condensers and variable inductors; rheostats, 
Variacs, transformers; other laboratory accessories. 
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HEWLETT-PACKARD COMPANY xi 
Resistance-Tuned Audio Oscillators; Audio Si nal Gen- 
erators; Harmonic Analyzers; Square Wave Generator; 
Vacuum Tube Voltmeter; Frequency Standards; Fre- 
quency Meters; Automatic Welding Machine Controls. 


INTERNATIONAL RESISTANCE COMPANY ........... iii 
Manufacturers of metallized and wirewound fixed and 
variable Resistors including high voltage and high fre- 
quency types. 


Leeps & NortHrup CoMPANY .............. i 


Manufacturers of Galvanometers, Resistors, Bridges, "Con- 
densers, Inductances, Potentiometers, Testing Sets; 
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ratus; Instruments for Measuring and Controlling 
onductivity of Electrolytes and Hydrogen Ion Con- 
centrations. 
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Diffraction Apparatus; Electronic Measuring Instruments; 
Direct Reading Frequency Meters; High Frequency Heat- 
ing Equipment; Tungsten arid Molybdenum in powder, 
rod, wire and sheet form; Fine Wire; Diamond Dies. 


PERKIN-ELMER CORPORATION Vii 
Manufacturers of custom built optical instruments; 
prisms, lenses and mirrors in all materials including: 
Glass, Quartz, Fluorite, Lithium Fluoride, Sodium Chlo- 
ride, Potassium Bromide, Calcite: Optical Flats, Plane 
Parallels, Interferometer Plates, Retardation Plates. 


RCA MANvuFAcTURING INC. .......... XXi 


RCA Oscillators and Geetoenees, RCA Test Equip- 
ment, RCA Ultra-Sensitive D eter. 


Rusicon CoMPANY ...... XXV 


Galvanometers, electrometers, potentiometers, Wheatstone 
and Kelvin bridges, resistance boxes, hydrogen ion and 
conductivity apparatus. 


Taylor High Voltage Resistors, Kilovoltmeters, Megohm 
Decade Resistance Boxes, Bridges, Resistance Standards, 
Test Sets, Attenuators, and other laboratory apparatus. 
Solid silver contact rotary selector switches, Super Akra- 
ohm, non-reactive wirewound resistors. Special apparatus 
built to specifications. 


SPRAGUE SPECIALTIES COMPANY ..... 
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VacuuM SPECIALTIES LABORATORIES XXili 


Division of Waugh Equipment Company; engineering 
field service for stress and vibration determination: 
instruments on sale or rental basis; instruments de- 
signed and built. 
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Scientific instruments—laboratory apparatus. Catalog lists 
10,000 items. 
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What the strain gage is quick to seq 


FOR THE RAPID determination of static or dynamic strains 
on large or complex structures, Waugh offers a range of 
instruments of extraordinary value. There is the 12-channel 
strain gage control unit which, together with recording 
equipment, permits 12 simultaneous measurements of 
strain and vibration. With this equipment, strain frequen- 
cies from 0 to 1500 cycles can be recorded. 

Then there is the vector computer. ..a robot brain for 


the evaluation of linear strain measurements on the sur- 


face of a structural element when rosette gages are us 
The output of the instrument furnishes directly the pr@ 
cipal stresses as well as the stresses or strains at any ang 
to the axes of the rosette. 

These instruments are indicative of the range of mode 
instruments available through Waugh Laboratories. Wr 
for details—Strain Gage Con- 
trol Unit ‘Type MRCio and 


Vector Computer lype 30-101, 


Vector Computer Type 30-101, 


Write for Rent 
List and Servicii 
Manual on bus 
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Pacific Coast Branch: 180 East California St., Pasadena 5, California 
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THE Cessca DeKHOTINSKY THERMO-REGULATOR 


Constant temperature is easily maintained through electrical application of heat— 
but the watchdog of temperature is the thermo-regulator employed in the circuit. 
Those temperature-controlling devices that have established a record of dependabil- 
ity under a variety of conditions are the object of search of many an engineer. 


The Cenco-DeKhotinsky Bimetallic Thermo-Regulators have a record of many years 
of dependable service in Cenco constant temperature appliances and in industrial 
applications. These regulators are used to maintain a constant temperature at any 
predetermined value up to 260° C. with variations of from a few tenths of a degree 
centigrade to several degrees. depending upon factors in the medium other than the 
regulator. 


99005C. Cenco-DekKhotinsky Thermo-Regulator with single contact for 330 watt loads . $9.50 


CENTRAL SCIENTIFIC COMPANY 


SCIENTIFIC INSTRUMENTS & LABORATORY APPARATUS 


1700 Irving Park Road, Chicago 13 ({!%) 79 Amherst St., Cambridge 42, Mass. 
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